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Abstract  
Single walled carbon nanotubes (SWCNTs) are cylindrical tubes with nanometer diameter, 
which can be thought of a wrapped-up mono-layer graphene sheet equivalently. Benefiting 
from their unique one dimensional structure, SWCNTs possess many unique electronic 
properties, such as high electrical conductivity, high charge mobility, low field emission 
threshold, high current capacity, etc. Additionally, SWCNTs can behave as either metals or 
semiconductors depending on their electronic band structures. These features make them one 
of the most promising materials for novel electronics.  
The present thesis focuses on the fabrication of high performance electronics based on 
semiconducting SWCNT (s-SWCNT) using dielectrophoresis (DEP) techniques. There are two 
key requirements that have to be satisfied for efficient DEPs, i.e. 1) using SWCNT suspensions 
with the highest possible semiconducting content and 2) depositing s-SWCNT with high 
packing-density in good alignment.  
Recently, toluene-based, polymer-assisted size exclusion chromatography was reported to yield 
over 99.7% s-SWCNT content in suspensions, which is a promising candidate for  
high-performance nanotube devices. Therefore, such suspensions were widely used in this 
thesis. 
In order to make dense and well-aligned s-SWCNT deposition by DEPs, the key issue is how 
to enhance the polarizability of carbon nanotubes more effectively. Basically, three aspects can 
be taken into considerations, i.e. the s-SWCNT itself, the solvent for suspending s-SWCNTs in 
and the applied electric field during the DEPs.  
By populating excitonic excitations, thereby pumping up free charges of SWCNT themselves 
using high-power laser, s-SWCNT deposition was improved using laser-coupled DEP 
technique, as confirmed by scanning electron microscope and electrical properties of the 
corresponding transistors. The achievement was attributed to the field-dependent exciton 
relaxations of s-SWCNTs.  
In terms of DEP solvents, media with low dielectric properties were verified to be productive 
for enhancing the polarizability of s-SWCNTs. In addition, through analyzing orientations of 
nanotubes in such media under an external electric field, an efficient method was also proposed 
to obtain the chirality-resolved nanotube length distribution. Furthermore, it was evident that 
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the low-k solvent based DEPs perhaps supports a new approach towards the selective deposition 
of s-SWCNTs rather than their metallic counterparts when considering the difference of 
geometry features in SWCNTs.  
Effects of electric fields on the SWCNT DEP deposition were studied using proper finite 
element simulations in combination with experimental characterizations, which further clarified 
the underlying mechanism of solution-nanotube based DEPs in presence of a direct current (DC) 
or alternating current (AC) field. As a consequence, low-frequency bias was demonstrated to 
be beneficial for pronouncing the polarizability of s-SWCNTs compared to high-frequency one. 
Furthermore, the low-conductive media based DC-DEPs, making use of both low-k solvent and 
DC bias, was demonstrated to be the most efficient way to perform the s-SWCNT DEPs under 
the scope of this thesis.  
Lastly, s-SWCNT transistors with a hole mobility up to 297 cm2V-1s-1 and On/Off ratio as high 
as 2×108 were achieved using DC based DEPs of toluene dispersed, polymer-wrapped 
SWCNTs. Moreover, by replacing the Si/SiO2 based back-gate with weakly oxidized Al  
top-gate, a sub-threshold swing of 95 mV/decade of SWCNT transistors was realized. 
Kurzzusammenfassung 
Zukunftsweisende Dielektrophorese für Hochleistungselektronik 
mit einwandigen Kohlenstoffnanoröhrchen 
Einwandige Kohlenstoffnanoröhren (SWCNTs, engl. single-walled carbon nanotubes) sind 
zylindrische Röhrchen mit einem Durchmesser im Nanometerbereich, und  entsprechen einer 
aufgerollten Monolage von Graphen. Durch ihre einzigartige eindimensionale Struktur besitzen 
SWCNTs viele außergewöhnliche elektronische Eigenschaften, wie z.B. hohe elektrische 
Leitfähigkeit, hohe Ladungsmobilität, niedrige Feldemissionsschwelle, hohe Stromkapazität 
usw. Außerdem weisen SWCNTs je nach Bandstruktur metallische oder halbleitende 
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Eigenschaften auf. Diese Eigenschaften machen SWCNTs zu einem vielversprechenden 
Material für die zukünftige Elektronik. 
Die vorliegende Arbeit konzentriert sich auf die Herstellung von Strukturen aus halbleitenden 
Nanoröhren (s-SWCNTs, engl. semiconducting SWCNTs) durch die Methode der 
Dielektrophorese (DEP). Für eine effiziente DEP sind dabei zwei wesentliche Anforderungen 
zu erfüllen. Zum Einen die Verwendung von SWCNT-Suspensionen mit einem hohen Anteil 
an halbleitenden SWCNTs und zum Anderen das Abscheiden von s-SWCNT in einer hoher 
Packungsdichte und idealer Ausrichtung. 
Vor kurzem wurden Toluol Suspensionen mit einem über 99,7% Anteil an polymer 
umwickelten s-SWCNTs mittels Größenausschlusschromatographie hergestellt. Solche 
Suspensionen sind besonders geeignet für die Herstellung leistungsfähiger elektronischer CNT-
Bauteile dar, und wurden im Rahmen dieser Arbeit verwendet. 
Um bei der Abscheidung mittels DEP eine hohe Packungsdichte an ausgerichteten s-SWCNTs 
zu erreichen, sollte die Polarisierbarkeit von s-SWCNTs vergrößert werden. Dabei können 
grundsätzlich drei Parameter berücksichtigt werden: die s-SWCNT selbst, das Lösungsmittel 
zum Suspendieren von s-SWCNTs und das angelegte elektrische Feld während der DEP. 
Die s SWCNT Abscheidung wurde mittels lasergekoppelter DEP verbessert, bei der durch 
exzitonische Anregung freie Ladungen in der SWCNTs erzeugt wurden. Durch 
Charakterisierung mit dem Rasterelektronenmikroskop und elektrischer Charakterisierung der 
entsprechenden Transistoren wurde die verbesserte Abscheidung nachgewiesen und konnte auf 
eine feldabhängige Exzitonenrelaxationen in s-SWCNTs zurückgeführt werden. 
Zur Optimierung der DEP wurden Lösungsmittel mit niedriger dielektrischer Konstante als 
besonders geeignet für eine Verstärkung der Polarisierbarkeit von s-SWCNTs identifiziert. 
Zusätzlich wurde ein Verfahren zur Ermittlung der chiralitäts-aufgelösten SWCNT-
längenverteilung entwickelt, basierend auf der Analyse der Ausrichtung der Nanoröhrchen in 
solchen Medien unter einem externen angelegten elektrischen Feld. Dabei lassen die Ergebnisse 
dieser Arbeit den Schluss zu, dass DEP mit Lösungsmitteln niedriger dielektrischer Konstante  
einen neuen Ansatz zur selektiven Abscheidung von s-SWCNTs bieten. Die Auswirkungen von 
elektrischen Feldern auf die SWCNT-DEP-Abscheidung wurden durch Finite-Elemente-
Simulationen in Kombination mit Experimenten untersucht. Dabei zeigte sich, dass 
niederfrequente Spannungen vorteilhaft im Vergleich zu hochfrequenten Signalen sind. 
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Darüber hinaus wurde im Rahmen dieser Arbeit gezeigt, dass die DEP unter Gleichspannung 
in schwach leitfähiger Lösung die effizienteste Methode zur Abscheidung von s-SWCNTs 
darstellt. 
Schließlich wurden in dieser Arbeit s-SWCNT-Transistoren mit einer Löcherbeweglichkeit von 
bis zu 297 cm2V-1s-1 und einem On/Off-Verhältnis bis zu 2×108 hergestellt, wobei zur 
Herstellung die DC-basierte DEP von in Toluol dispergierten, polymerumhüllten SWCNTs 
eingesetzt wurde. Durch Austausch des Si/SiO2-basierten Backgates  mit einem dünn-
oxidierten Aluminium Top-Gate wurde zudem ein Schwellenwert von 95 mV/Dekade der 
gemessenen SWCNT-Transistoren realisiert werden.  
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Chapter 1: Introduction 
1.1. Scope of Thesis 
The rapid development of integrated circuits (ICs) for logic computation has to a large extent 
been enabled due to the fast development of Si transistors[1]. Over decades, IC development has 
followed the famous trend, known as the Moore’s law[2], which stated that the integration 
number of transistors on a processor chip doubles every 18 months by reducing transistor 
dimensions and increasing operating frequency. However, the continuation of this trend is now 
challenged because the performance of Si transistors has been pushed close to its physical limits 
after undergoing processes such as scaling down dimensions, increasing charge mobility by 
introducing strain, using high-k gate dielectrics, and designing new gating geometries[1]. With 
the increasing demand in integration density, transistors suffer from short channel effects such 
as direct tunneling from source to drain and increased gate-leakage current. Such effects give 
rise to severe problems for smaller sized transistors. Therefore, both industry and academia are 
making efforts on researching new materials, capable of replacing Si by offering superior 
current transport properties and improved electrostatics. One of the most promising materials 
is the quasi one-dimensional (1D) carbon nanotubes (CNTs), because this material possess 
many novel electrical properties such as large mean free path, excellent carrier mobility and 
ballistic conduction[3–5].  
CNTs are hollow cylinders only composed of carbon atoms. Their topological structure is 
equivalent to rolled tubes of graphene. Thus their walls are hexagonal carbon rings[6,7]. Based 
on the number of walls, CNTs can be classified as single-walled CNTs (SWCNTs), consisting 
of a single rolled mono-layer graphene sheet, and multi-walled CNTs (MWCNTs) constituted 
by several concentric graphene cylinders with Van der Waals interaction binding the tubes 
together[8]. Geometrically, individual CNT wall can be characterized and defined by the 
orientation of the wrapped-up graphene lattice with respect to the tube axis, known as the 
chirality. In Typical, the diameters of SWCNTs and MWCNTs range from 0.8 nm to 2 nm and 
5 nm to 20 nm, respectively, while their lengths can vary from less than 100 nm to several 
centimeters, a range bridging molecular and macroscopic scales[9].  
Benefiting from their unique 1D geometry, CNTs possess many attracting mechanical, thermal, 
optical, and electrical properties, as shown in Figure 1.1. In turn, their exceptionally high 
young’s modulus (~ 1TPa), tensile strength (over 50 Gpa) and breaking elongation (up to 16%) 
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makes them the ideal reinforcement agent for strong composite materials[10], as tips of Atomic 
Force Microscopy (AFM)[11] and space elevators[12]. Besides, combined with extraordinary 
thermal stability (2800 °C in vacuum, 750 °C in air, exceeding any other metals) and ultrahigh 
thermal conductivity (> 6000 Wm-1K-1 at 300 K), CNTs offer new possibilities for replacing 
metals in thermal management applications, such as heat sink in power electronics and heat 
exchangers[13–15].  
 
Figure 1.1: Schematic diagram of properties and applications of CNTs. Depicts with respect to 
applications are reproduced from Ref. [11,12,14,16–24]. 
The optical properties of SWCNTs arise from their electronic transitions within the  
one-dimensional density of states (DOS), which consists of chirality-resolved peaks known as 
Van Hove Singularities (vHs)[25], making them spectroscopically distinguishable. In addition, 
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the Coulomb interactions between the optically-excited hole and electron pair within CNTs also 
become stronger due to their nm-scale structural limit[26]. These properties result in not only 
sharp optical (band-to-band or excitonic) transitions, but also a strong photon-phonon coupling 
within CNTs, giving rise to many unique optical features, for instance the resonant Raman 
scattering[27]. Therefore, CNTs have demonstrated great potentials in various optical 
applications, such as solar cells[16], light-emitting diodes (LEDs)[17], photonics[18] and 
plasmonics[19]. 
In terms of the electrical features, SWCNTs exhibit more attractive properties that are not 
shared by MWCNT variants[28]. In particular, the band-gap of SWCNT which depends on 
diameter and chirality can vary from 0 to around 2 eV, making conductivity in either metallic 
or semiconducting way. On the other hand, a MWCNT is usually a zero-gap metal due to 
statistical probability and inter-wall restrictions on the diameter of each tube[29]. Besides, 
because of the low electron scattering within the 1D system, SWCNTs possess electrical 
conductivity of up to 106-107 Sm-1, charge mobility of 105 cm2V-1s-1 and current capacity as 
high as 1 GAcm-2 [28], making them promising for high-performance electronics (such as 
transistors[20], digital circuits[21], analog circuits[22] and flexible electronics[23]) and sensors[24]. 
In addition, it has been verified that SWCNT based transistors can be performed with a  
sub-threshold swing lower than 60 mV/decade[30]. Furthermore, SWCNTs are also compatible 
with conventional field effect transistor (FET) architectures and high-k dielectrics[31,32]. Table 
1-1 displays the brief performance-comparisons between CNT based FETs and Silicon based  
metal–oxide–semiconductor FETs (MOSFETs). It is evident that CNTs are more likely the idea 
candidate for miniaturizing nano-electronics beyond the limit of the state-of-the-art Si 
transistors.  
In order to achieve high performance in SWCNT based electronics, material selection and 
integration are two essential aspects. For the former one, only pure semiconducting SWCNTs 
(s-SWCNTs), not metallic SWCNTs (m-SWCNTs), are required as channel materials of 
transistors. However, the efficient separation of m- and s-SWCNTs is still challenging for any 
synthesis methods, such as arc discharge[33,34], laser ablation[35] and chemical vapor 
deposition[24,36,37] etc., even combined with post-etching of m-SWCNTs[24,38]. This is because 
multiple nanotube species preferentially grow and present in the synthesis process. Therefore, 
further post-synthesis separation of SWCNTs is required according to their diameter, 
conductivity or even chirality.  
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Typically in CNT-FET, it is less than 10 nm while in Si-MOSFET, it is 14 nm[40] (by 
year 2014). Smaller channel length results in better carrier transport.  
Carrier 
mobility 
Due to high-k gate dielectrics of CNT-FET, carrier mobility becomes higher than that 




In CNT-FET, the mean free path of electron is possibly larger than the channel length 
of device. Only contact scattering of carrier occurs[42], while in traditional MOSFET, 




Lower in CNT-FET which contributes to faster switching and lower power dissipation. 
Gate 
capacitance 
In p-CNT-FET, an on-current per unit width of ~1500 A/m at a gate overdrive of  




Modulation of contact resistance increases the switching capacity of CNT-FET, while 
in Si-MOSFET, switching occurs by altering channel resistance. 
Trans-
conductance 
Due to a better control over the gate, trans-conductance is four times higher in  
CNT-FET. As a consequence, small change in voltage gives large current. 
Dielectric 
constant 
Due to higher dielectric constant[44], tunneling effect decreases, which causes lower 
leakage and lower power comsupation in CN-FETs than Si-MOSFET. 
Heat 
dissipation 
For a CNT-FET, heat dissipation is non-uniform across the channel with highest value 
appearing at the source and drain sides of the channel[45]. The temperature rise has a 
relatively small effect on the I-V characteristics compared to Si-MOSFETs. 
Basically, the separation of SWCNTs can be categorized as solid-substrate based  and liquid-
solution based approaches[46]. Techniques such as microwave purification[47] and electrical 
breakdown[48], in both of which external high-current fluxes are utilized to remove m-SWCNTs 
thereby purify s-SWCNTs, are known as substrate based methods. However, the packing 
density of remaining nanotubes prepared through these methods becomes quite low after 
treatments. And this density is tough to be recovered or multiplied in the follow wards due to 
the substrate limit. Thus, these methods are detrimental to the current-carrying performance of 
transistors. The well-studied solution based techniques include ultracentrifugation[49,50], normal 
chromatography[51,52], selective chemistry[53–55], and electrophoretic separation[56] etc. The 
purification and separation of specific-conductive SWCNTs through these methods have been 
much improved compared to the as-grown ones. However, in terms of applications, drawbacks 
within these methods, such as strong functionalization, low yield or low purity of s-SWCNTs, 
are needed to be overcome. Compared to above methods, size-exclusion chromatography (SEC) 
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which is performed to sort CNTs either using inorganic solvents with surfactant coating or 
organic ones with polyfluorene-based polymer-wrapping have demonstrated to be one of the 
highest specific sorting abilities toward generating s-SWCNTs with high purity (even >> 99%) 
even in a single sonication/centrifugation step[57–59]. Such method potentially offer the access 
to achieve ultra-high purity s-SWCNTs for commercial applications.   
In terms of SWCNT integration, the major challenge is how to assemble individual nanotubes 
onto chips with precision, reproducibility and optimized packing density (not only high packing 
density but also low inter-tube dielectric screening). So far, methods like shear force guided 
SWCNT alignment[60,61] is known to be lack of fine-controlling of orientations and locations of 
SWCNT arrays. Langmuir-Schaefer method[54,62], a technique has been widely used for 
fabrication and characterization of single molecule thick films with control over the packing 
density of molecules, shows poor manipulation capabilities in avoid of forming double-layered 
SWCNT arrays, which is detrimental to transistor performances due to the increased inter-tube 
electrostatic screenings. Distinctly, dielectrophoresis (DEP)[63,64] has demonstrated to be more 
versatile to sort and deposit SWCNTs simultaneously. Unlike electrophoresis, DEP does not 
require the particles to be charged[65]. It affected by the particle size, geometry and the dielectric 
properties (a physics determined by material conductivity and permittivity) of both the particle 
and the solvent. As this technique makes use of induced dipole moments of SWCNT through 
applying local inhomogeneous electric fields, the depositions of SWCNTs can be precise, and 
scaled simply by optimizing the electrode structures and tuning the electric fields[63,66].  
Depending on the motion of the suspended particles with respect to the field gradient, DEP can 
be categorized to be positive or negative, defined by the motion of particles moving into or 
away from the high field gradient region respectively. Because DEP is accessible to selectively 
manipulate specific-polarizability, charge-less particles with dimension ranging from nm up to 
10 µm[67,68], it has been widely used in many applications including medical diagnostics[69], 
drug discovery and delivery[70], cell therapeutics[71,72] and particle filtration[73] etc.  
In terms of SWCNT integration, alternating current (AC) DEP was first introduced by  
Krupke et al. in 2003 to separate out SWCNT bundles from solutions and assemble them into 
devices[74]. Later on, this technique was employed to produce high packing-density arrays of 
individual SWCNT devices[75], exhibiting the commercial feasibility of using DEP for SWCNT 
transistor fabrications. However, achievements of SWCNT-DEP depositions developed so far 
are mainly concentrated on m-SWCNTs rather than semiconducting counterparts, because the 
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dielectric properties of the former are much larger, making m-SWCNTs preferentially 
deposited under similar chip-geometries during DEPs. This phenomenon brings limits on the 
normal DEP technique for fabricating s-SWCNT based electronics. Thus, methods for 
improving DEP for this propose are urgently required. 
In order to improve the quality of s-SWCNT DEP deposition, a critical question is how to 
enhance nanotube polarizability under a given electric field. Basically, there are three aspects 
for improving DEP directly, i.e. the SWCNT itself, the solvent in which the tubes are dispersed 
in and the applied electric field. The static and frequency dependent polarizabilities of SWCNTs 
have been theoretically studied[76]. To enhance the dielectric response of SWCNTs, one can 
either suppress the dielectric environment of nanotubes to pronounce the static component of 
SWCNT polarizability, or increase the frequency dependent part by tuning the modulation of 
charge accumulation and conduction of nanotubes using external fields (light, electric fields). 
Due to the quasi-1D structure of SWCNTs, the excitonic transitions between the corresponding 
van-Hove singularities dominate the optical absorption of nanotubes. As studied[77], the 
relaxation probability of excitons to free charges (with energy states located in the continuum 
band) depends on the binding energy, and can also be influenced by externally applied electric 
fields. To enhance the polarizability of the SWCNT, more free charges need to be generated. 
Reasonably, this can be achieved by generating a high density of excitons with high  
power-density excitations along with high external electric fields since they contribute to the 
relaxation of excitons [78]. 
For high quality positive DEPs for s-SWCNTs, Li et al.[79] demonstrated that low dielectric 
(low-k) media should be employed to significantly reduce the screening effects on SWCNT 
dielectric properties from solvents, thereby increasing the nanotube polarizabilities. Through 
this approach, one can expect the increase of CNT polarizability by several orders of magnitude, 
which efficiently improves the s-SWCNT DEP deposition. 
In terms of electric field, the frequency window for performing positive DEP deposition for  
s-SWCNTs is limited by either the electrolysis of electrodes, formation of electrical double 
layers (EDLs) at low frequency because of the existing ions in the media, or the existing 
negative DEPs at high frequency due to the low permittivity of s-SWCNTs compared to the 
solvents. For example, the frequency ranges between 10 kHz and several MHz are for a standard 
surfactant-water solution based s-SWCNT DEPs[80]. In order to enhance the polarizability of  
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s-SWCNTs, a more promising way is to make use of the conductivity role in s-SWCNT 
dielectric properties in comparison to the permittivity. This is because the s-SWCNT 
conductivity can be higher than high-diluted electrolytes, while the freedom of utilizing 
permittivity discrepancy between nanotubes and solvents is normally small. However, the 
preservation of this conductivity-dominated priority of nanotube polarizabilities is only valid at 
low field frequencies, which is inaccessible for normal aqueous electrolytes due to the 
electrolysis effect of metal electrodes and strong potential-loss across the EDLs. Thus, a proper 
solvent should be selected in order to achieve such low frequency s-SWCNT DEPs.  
1.2. Thesis Framework 
In this thesis, the principles of nanotube DEPs are investigated regarding both SWCNT 
separation and corresponding transistor fabrication. In Chapter 2, the theoretical background is 
presented to comprehend all the measurements and interpretations in the subsequent Chapters. 
The main content of this Chapter involves an introduction to the electrical and optical properties 
of SWCNTs, theoretical backgrounds of solution-nanotube motions, electrohydrodynamics of 
CNT-DEPs and finite element simulations, and a short note on CNT-based electronics. 
Experimental details of materials and methods regarding to experiments within this thesis are 
demonstrated in Chapter 3. 
Chapter 4 focuses on the exploration of improving s-SWCNT DEP depositions based on 
conventional aqueous solutions using light-assisted dielectrophoresis (L-DEP), where a high 
power-density laser is introduced to pump up generation of excitons thereby freeing carriers in 
nanotubes, contributing to the enhancement of SWCNT polarizability. With observations of 
scanning electron microscopy (SEM), an increased deposition-density of SWCNTs is observed 
in L-DEPs compared to conventional DEPs. Besides, through electronic characterization, the 
performance of transistors fabricated using L-DEP shows higher current on/off ratios but lower 
on-state currents. This indicates an increase of semiconducting content within the deposited 
sediments. The improvement of s-SWCNT deposition can be attributed to the combined effect 
of the high power-density laser and the high DEP electric field: Large amounts of excitons 
generated by laser relaxes to free charges field-dependently, thereby enhances the S-SWCNT 
polarizability. 
To investigate the influence of dielectric properties of solvents on s-SWCNT polarizability, the 
dielectric responses of s-SWCNTs dispersed in both aqueous and toluene are discussed through 
aligning s-SWCNTs in such liquids using an external electric field, as introduced in the Chapter 
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5. It is concluded that the polarizability of  s-SWCNTs can be highly pronounced using toluene 
as the medium instead of aqueous media due to its extreme low conductance, which is also 
promisingly beneficial for improving the s-SWCNT deposition as low-frequency DEPs 
performed. Additionally, an efficient method to derive the chirality-resolved CNT length 
distributions is achieved, which is named as the electric-field induced differential absorption 
spectroscopy (EFIDAS). This technique demonstrates great potential for in-time 
characterization of chirality-resolved CNT lengths in future.    
Under the implications from the Chapter 5, a systematic comprehension of CNT-DEPs is 
displayed in Chapter 6 to provide a clear scope of the physical principles of  
s-SWCNT DEPs, and to quantize the potential of how well s-SWCNT deposition can be 
achieved by DEPs. The feasibility of direct-current (DC) based SWCNT DEPs is verified when 
toluene is used as the solvent. Besides, the efficiency difference between toluene-based  
DC-DEPs, AC-DEPs and water-based AC-DEPs is also demonstrated with a standard DEP chip 
using proper finite element simulations.  In the end, it is conclusive that the toluene-based  
DC-DEPs is the most promising way to perform DEPs for s-SWCNT depositions under the 
scope of this thesis. 
In Chapter 7, preparation of toluene dispersed SWCNTs with semiconducting content >99.7% 
is introduced. This was carried out with SEC using proper polymer-wrapping. The deposition 
quality of such CNTs based on DC-DEPs is demonstrated, and the performance of nanotube 
transistors fabricated in this way is discussed. Using toluene-based DC-DEPs, the density of 
achieved s-SWCNT deposition is larger than 30 tubes/µm, resulting in an on-state conductivity 
of 10~20 µSµm-1 for s-SWCNT transistors. Besides, due to the high semiconducting content of 
the channel material, these transistors show a hole mobility of 297 cm2V-1s-1 and On/Off ratio 
as high as 108. Furthermore, by replacing the conventional SiO2/Si based back-gate modulation 
with Al formed top-gate, a sub-threshold swing of down to 95 mV/decade for s-SWCNT based 
transistors is realized. All these achievements demonstrate that s-SWCNT transistors fabricated 
in this way is promising for future applications.  
In Chapter 8, this work is summarized. Outlooks towards further improvement of s-SWCNT 
DEP technique and transistor performance are given. 
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Chapter 2: Theoretical Framework 
2.1. Single-Walled Carbon Nanotube  
Among carbon nanotube (CNT) families, which were reported intensively by Iijima et al. in 
1991[81], single-walled carbon nanotubes (SWCNTs) possess quasi 1-dimensional physical 
structures and unique electronic properties varying from conductor to semiconductor. These 
features make them have been of great interest for both fundamental theoretical study and novel 
potential applications. In the following sections, a brief introduction on the basic properties of 
SWCNTs is presented. 
2.1.1. Geometry 
SWCNTs can be treated as constructed geometrically with rolling up a single monolayer 
graphene sheet, a honeycomb structure formed with carbon-atom arranged hexagonal lattices 
as shown in the Figure 2.1(a)[82].  
 
Figure 2.1: (a) The honeycomb lattice of graphene with lattice vectors 1,2a

 as well as the unit cell of a 
(3,1) nanotube defined by the chiral vector hC

, the chiral angle    and the translational 
vector T

. (b) Models of typical armchair (8,8), zig-zag (12,0) and chiral (8,7) nanotubes. 
The lattice unit cell, as depicted within the yellow rhomboid as shown in Fig. 2.1(a), of a 




. Geometrically, the length of these two 
vectors is obtainable with the known distance between neighboring carbon atoms 0.142cca   
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nm through 1 2 3 cca a a 
 




, a specific chiral vector hC

 along 
which the graphene sheet rolled up to form a SWCNT can be defined. This definition means 
that hC

 connects two equivalent atomic sites in the circumference direction of the tube, as 
shown in Figure 2.1(a).  
In practice, hC

 is represented with a set of indices (n,m) known as chirality and derived using 
the expression: 1 2hC na ma 
  
. Based on this, the nanotube diameter CNTd  and chiral angle 




 is derivable through 
 2 23/ ccCNT h
a
d C n nm m

   

   (2.1) 










    (2.2) 
Taking into the symmetry of rotating graphene lattice for forming SWCNTs, magnitude of a 
chiral angle ( , )n m  (Figure 2.1(a)) which is directly correlated with chirality is restricted within
( , )0 30n m 
 
. Similarly, this also restricts the chiral indices to 0n m  . Normally, when 
0m  , indicating ( , ) 0n m 

, the circumference of nanotubes is in a zig-zag pattern, as shown 
in Figure 2.1(b). Therefore, such tubes are known as zig-zag tubes. Similarly, when n m , 
meaning ( , ) 30n m 

, the nanotubes are called armchair tubes due to an armchair pattern along 
the circumference direction. Other tubes ( 0n m  ) are known as chiral tubes.  
Except for hC

, another vector T

 (known as translational vector, Figure 2.1(a)) which denotes 
the lattice translational period along the tube-axis direction is needed to span the unit cell of the 
CNT. The length of T

 is strongly dependent on the CNT chirality, and can be derived by 
 
1 2
(2 ) (2 )
gcd(2 , 2 ) gcd(2 , 2 )
m n n m
T a a
n m m n n m m n
 
 
   
  
  (2.3) 
with “gcd” denoting the greatest common divisor.  
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2.1.2. Band Structure 
The Brillouin zone of reciprocal space for a SWCNT are defined with two vectors, k

 along the 
nanotube-axis direction and k

 along CNT circumference direction, as shown in Figure 2.2(a). 






k C k T
k C k T


    
    
  
     (2.4) 
Due to the high aspect ratio of a SWCNT, the longitudinal axis vector k

 can be regarded as 
continuous within the range of / /T k T   
 
 along the tube-axis direction. Unlikely, the 
vector k

 is quantized, because the wave function along the circumference of the nanotube 
must match a phase shift of integer multiple of 2 to allow for the formation of a standing 













     

  (2.5) 
here  is an integer related to the graphene-hexagon number  
2 22( ) gcd(2 ,2 )N n nm m n m m n      within the unit cell of nanotubes, and defined by 
2,..1, 0,1,.., 2N N   . These above features result in N lines of allowed k -states within 
the first Brillouin zone of the nanotube (Figure 2.2 (a)), with direction of these lines  parallel to 
the tube-axis and being separated by a factor of / CNTd  (For more information, see literatures 
of e.g., Thomsen et al.[7]). 
For an infinite graphene lattice in which four valence orbitals of carbon atoms present 
2sp  
hybridization, 2s , 2 xp  and 2 yp  orbitals form the strong in-plane covalent bonding   and 
anti-bonding   , while the 2 zp orbital forms the non-localized van der Waals bands of  and 
  , as shown in Figure 2.2(b). Based on the zone-folding approximation, the potential 
separation between the   and 
  bands is high up to several eV, which is too large to bridge 
the conduction of graphene, while the   and   bands showing a linear dispersion near the K  
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points (Figure 2.2(b)) of the Brillouin zone, dominating the electronic properties of graphene 
and make it a conductor.  
 
Figure 2.2: (a) Schematic drawing of the first Brillouin zone of a (3,3) nanotube. (b) Electronic band 
structure of graphene along the Γ, K, M direction. Modified from Ref. [7]. 
The zone-folding approximation is also accessible for simulating SWCNT band-structure (as 
shown in Figure 2.3(b)). This can be done with folding the zk

-direction electronic energies 




 of graphene (Figure 2.3(a)) along the parallel lines of allowed k -states.  
Within the Brillouin zone of graphene, the only cross between its valence and conduction bands 
occur at the K  points (Figure 2.2(b)) with location of 1 21 3( )K b b 
 
 in reciprocal space, 
which implies that the nanotube presents metallic merely when the allowed k -state lines pass 
through these K  points, otherwise it is a semiconductor. Thus, a chirality-resolved electrical 
properties of SWCNTs can be derived, and expressed as 
 
1 2 1 2
1
2 ( )( ) 3 .
3
hK C b b na ma n m        
   
  (2.6) 
This equation indicates that the SWCNT is metallic (m-SWCNT) when n m  is integer 
multiple of three, meaning the density of states at the Fermi level is non-zero as shown in  
Fig. 2.3(b). Unambiguously, the definition for a semiconducting SWCNT (s-SWCNT) can be 
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given by 3 1n m    . In this situation, an energy gap E  exists which describes the energy 
distance between the valence and conduction bands at the Fermi level, and can given in the first 
approximation as 
 






     (2.7) 
Here, 0 2.9  eV presents the transfer integral between first neighbor   orbital employed in 
the binding derivation of graphene energy dispersion. 
 








 for one armchair nanotube. (b) Band 
structure (left graph) and density of states (right graph) for one (5,5) armchair nanotube. 
Reproduced from Ref. [83]. 
Although the zone-folding approach yields reliable descriptions for electrical properties of 
SWCNTs, typically for those with 1.5CNTd   nm, it fails to explain one shift known as the 
curvature effect of Fermi vector Fk  from the graphene Brillouin zone corners K  for small 
diameter SWCNTs[84]. For that case, the ab initio method is needed to derive electronic band 
structures for SWCNTs[83]. 
The density of states ( )n E  of one-dimensional materials consists of a set of singularities
1/ E , known as van Hove singularities (vHs), located near the extrema of energy bands. 
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The vHs play crucial roles in determining physical properties of materials due to the high 
density of states at these points. In terms of SWCNTs, this physics can be derived using[7] 
 
1
( ) ( ) .ii
i
E






   (2.8) 
with iE
  standing for the thi  eigenvalues of band energy of graphene under the tight binding 
approximation, and given by ( ) 0iE E k
  . The right section of Figure 2.3(b) demonstrates 
the calculated density of states for a (5,5) nanotube. It is evident that the positions of vHs 
correspond to the points of vanishing slope in the energy dispersion as displayed in the left 
graph. Because of such high density of states at vHs, many physical properties of SWCNTs, for 
instance the optical absorption/emission[85], scanning tunneling[86] and resonant Raman 
scattering[87], are pronounced at these points. 
2.1.3. Optical Properties 
The unique energetic band features of SWCNTs give rise to many attracting optical properties, 
which can be demonstrated in optical spectroscopies such as the UV-Vis-IR absorption 
spectroscopy, photoluminescence, Raman spectroscopy etc.  
1. Absorption  
As mentioned above, the density of states at the vHs is quite high which makes optical 
transitions between electronic states of corresponding singularities becoming significant [88].  
When a CNT is illuminated with incident light that is linearly polarized and propogating parallel 
to the tube axis, its optical transitions iiE  between two vHs sub-bands with the same angular 
momentum number   are allowed[89,90]. Moreover, because the CNT band gap is strongly 
dependent on the nanotube’s chiral properties, this interpretation indicates that the chirality of 
SWCNT can be characterized via the optical absorption measurement (Figure 2.4(a)). However, 
for multi-chiral nanotubes, especially for those with large diameters, iiE  transitions become too 
close to each other, making chirality assignment difficult.  
For the optical absorption perpendicular to the longitudinal direction of nanotubes,  
cross-polarized excitation is needed. This transition follows the selection rule of 1   , 
which provides more details regarding the electron-hole asymmetry of nanotubes between the 
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valence and the conduction bands, and beneficial for the chirality-assignment in many cases, 
such as polarized photoluminescence (PLE) excitation spectroscopy[91].  
2. Photoluminescence 
PLE (Figure 2.4(b)) is widely used for the characterization of isolated semiconducting 
nanotubes[85,92]. It involves the exciting of CNTs using monochromatic light of a broad energy 
range, for instance varying from 
11
SE  to 
44
SE , and detecting of the emission from the 
nanotubes[93]. Typically, the relative emission intensity is referred to the relative abundance of 
the different (n,m) species in the specimen of interest. However, this technique is not suitable 
for identifying metallic tubes because the non-radiative electron-hole recombination processes 
such as acoustic phonon assisted recombination inhibit fluorescence[94] in them. Deducibly, 
light emission from isolated m-SWCNTs or s-/m-SWCNT bundles is strongly suppressed and 
invisible under PLE characterizations. 
 
Figure 2.4: (a) Chirality-resolved optical absorption spectra of SWCNTs, reproduced from Ref. [95]. 
(b) Typical PLE maps of SWCNTs, modified from Ref. [96]. 
Although both absorption and photoluminescence spectroscopy allow for a comparative 
population analysis of different nanotube species in a sample, an absolute value cannot be 
derived without the known corresponding (n,m) optical absorption efficiency and cross section. 
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As both the efficiency and transition are strongly dependent on the dielectric ambient[97], further 
studies are required to derive these parameters with respect to specific conditions. 
3. Excitons 
Arising from the 1D character of SWCNTs, the Coulomb interaction between the optically 
excited electron-hole pairs is strongly enhanced compared to bulk semiconductors. Under such 
situation, single-particle interband theory in which electronic excitations are predominantly at 
the inter-band transitions (As shown in Fig.2.5(a and b), here k  denotes the tube-axis electron 
wave vector) and contribute to free electron–hole pairs, deviates substantially from 
experimental observations[98,99]. Thus multi-body effects should be accounted[100] in which 
electron–hole interactions allow for the formation of bound electron–hole pairs (known as 
excitons) below the free particle continuum (Fig.2.5(c)) even at the room temperature[101].  
 
Figure 2.5: (a) Band structure of a (19, 0) SWCNT, and corresponding (b) single-particle interband 
model based density of states as well as (c) low-lying excitonic states based on the  
multi-body effect simulation. Modified from Ref. [102]. 
The binding energies bE  of excitons in nanotubes have been theoretically predicted
[103] and 
experimentally measured to be as large as several hundred meVs for s-SWCNTs[104] and tens 
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of meVs for m-SWCNTs, the latter being a result of enhanced screening effect within the 
nanotube[105]. Numerical correlations between bE  and the CNT diameter, chirality as well as 
the ambient dielectric property, has been studied by Perebeinos et al.[106] which is given by
2 1( / 2)b b CNTE A d m
      , with the empirical parameters 1.4  , 24.1bA  eV, derived by 
solving the Bethe-Salpeter equation. Thus it is speculated that bE  decreases with respect to the 
increase of CNTd  or surrounding dielectric  . Moreover, in low dielectric environments, most 
of the oscillator strength of SWCNT optical transitions is transferred from the inter-band 
transitions to the excitonic ones as studied  in  Ref. [101].  
Strong electron–electron interactions within SWCNTs squeeze the degeneracy of the fourfold 
degenerate electron–hole excitations originating from the doubly degenerate valence and 
conduction bands within the single-particle model. Considering a (19,0) SWCNT[97,102], a new 
set of excitonic states (wave vector e hk k , with e
k , hk  denoting the wave vectors of electrons 
and holes respectively) including “dark excitons” which is a forbidden state due to selection 
rules mentioned above, appeared below the free particle continuum band 11  of the (19,0) 
SWCNT after the removal of this degeneracy (Fig.2.5(c)). The “dark excitons” include the 
lowest energy even parity exciton with zero circumferential angular momentum and double 
degenerate excitons with finite circumferential angular momenta above the optically active 
excitons, which is in odd-symmetry of zero circumferential angular momentum thereby 
optically forbidden. Notably, the lowest-energy forbidden transition can acquire oscillator 
strength and thus be ‘brightened’ through defects, distortions or the application of external 
fields[107,108]. 
4. Raman  
Raman scattering demonstrates the inelastic scattering of light-matter interactions during their 
optical phonon emission or absorption process[109]. The intensity of Raman scattering is 
normally low as only the direct virtual states are excited. However, it becomes well pronounced 
when the optical phonon absorption or emission is coupled with a real electronic excitation of 
interesting materials, known as resonant Raman scattering. For SWCNTs, it is possible to 
directly measure the Raman signal of an individual nanotube due to the specific resonance 
condition of each CNT species (Figure 2.6), making resonant Raman spectroscopy one of the 
most sensitive  approaches for SWCNT characterization[110].  
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For SWCNTs, two dominant Raman scattering modes are significant for characterizations. One 
is the radial breathing mode (RBM) with its shift RBM  ranging between 120 and 350 cm
-1 for 
tubes with 0.7 nm CNTd 2 nm. This mode demonstrates the coherent vibration of carbon 
atoms in the radial direction and is (n,m) specific, as shown in Figure 2.6. Based on the 
excitation of this mode, the presence of carbon nanotubes within a given specimen can be 
verifed efficiently. Besides, the diameter CNTd  of SWCNTs can also be derived using RBM 
mode according to RBM CNTA d B    with two constants A , B  being determined 
experimentally[111]. Another well-known mode called the G mode which has a Raman shift G  
of 1550–1590 cm-1. G mode arises from the tangential vibration (a single peak at 1582 cm-1) 
between two neighboring carbon atoms within the unit cell of graphite (Figure 2.6)[6]. For CNTs, 
the G mode is composed of two parts, G- and G+, correlated with vibrations along and 
perpendicular to the longitudinal axis of tubes respectively. As studied[112], the line shape of G- 
mode is significantly dependent on the nanotube conductive properties. It indicates the 
existence of m-SWCNTs when a line shape of Breit-Wigner-Fano accompanying the  
peak-frequency downshift is observed in this mode. This feature is normally used to make a 
distinguish between s- and m-SWCNTs[24,37]. 
 
Figure 2.6: Raman spectra of isolated SWCNTs by 633 nm excitations, reproduced from Ref.[113]. 
2.1.4. Electronic Properties 
m-SWCNTs have sub-bands intersecting the symmetric Fermi points k K  . Since each 
Fermi point contributes a forward wave-vector and a backward wave-vector, there are exactly 
four forward and four backward electron states under the consideration of the spin degeneracy. 
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Without considering charge transport scattering, each state can contribute to a quantum 
conductance of 2 10 (26 )G e h k
   .  
Based on the Landauer theory[114] which includes the elastic scattering of charge transport 
within SWCNTs by using a non-unity transmission coefficient T , one can convert the total 
conductance of all four channels to  
 To iG G    (2.9) 
For an idealized m-SWCNT with four parallel, unity-transmission channels ( T=1 ), this 
conductance is a constant of ~ 155 µS and temperature independent. 
Unlike traditional metal conductors where inelastic electron-phonon scattering from acoustic 
phonons limit their electrical conductivity, this scattering within SWCNTs is strongly 
suppressed. The reason is that the electron states within CNTs can only be scattered into a few 
number of unoccupied electronic states that require a large momentum transfer[115]. This 
phenomenon gives rise to the mean free path e phl   (~0.5 µm at room temperature) for inelastic 
scattering, indicating that the electron-phonon scattering is suppressed in submicron-scaled 
CNT devices.  
Figure 2.7(a) demonstrates the conduction dependence of SWCNTs with respect to their lengths. 
It depicts that for short nanotubes (< 0.5 µm in this case), the conductance is almost equivalent 
to the ideal value of 155 µS derived by equation (2.9). With an increase of bias across the 
nanotube, the electron-phonon scattering becomes significant, which gives rise to the SWCNT 
resistance as shown in Figure 2.7(b). The electrons can accumulate energy under an applied 
electric field due to the suppression of electron scattering and thermalization within nanotubes. 
Once the energy of an optical phonon is achieved (about 0.18 eV), spontaneous emission will 
occur[116].  In contrast to metals, where optical phonon emission is rarely observed due to heavy  
self-heating and electro-migration degradation before the phonon emission regime can be 
reached, SWCNTs can carry currents of up to 20 µA, corresponding to a current density of over 
108 A/cm2 without degradation. Thus, the I-V curve is nearly constant under these conditions.  
However, when the optical phonon emissions become pronounced, the current saturates with 
an increase in source-drain bias. Therefore, in order to achieve larger currents, this emission 
should be suppressed. By efficiently scaling down the dimension of devices, it is evident that 
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the reduction of electron-optical phonon scattering in nanotubes under high bias can be 
realized[117,118]. 
 
Figure 2.7: (a) The dependence of SWCNT resistance versus device length, reproduced from  
Ref. [119] (with data taken from Ref. [119] (red square), [120] (green sphere), [121] (red 
sphere) and [122] (blue triangle). (b) I-V performance of SWCNT devices, as well as the 
voltage-dependence of resistance (inset), reproduced from Ref. [116]. 
A field-effect transistor (FET), a device in which an electric field is applied to control the 
electrical conductivity of the channel material, is used for the study of s-SWCNT electrical 
properties. Since all carriers reside on the wall surface, the field sensitivity of  
s-SWCNTs is exquisitely pronounced compared to bulk semiconductors, which is desirable for 
high-performance FETs. This topic is explained in details in the Chapter 2.6.  
2.2. SWCNT Synthesis 
The first developed method for carbon nanotube synthesis is the electric arc discharge. This 
technique was once used in the preparation of carbon fibers by R. Bacon et al. in early 1960s, 
and fullerenes by Krätschmer and Huffman in 1990s. Later on, this technique was improved 
and applied for the synthesis of multi-walled CNTs and SWCNTs. Other methods such as the 
laser evaporation/ablation and chemical vapor deposition (CVD) were also developed for 
growing carbon nanotubes. For more information, a review of A. Szabó et al. [123] is recommend. 
Based on the experimental requirements in the following Chapters, two types of CNT-synthesis 
techniques will be briefly introduced within this section. 
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2.2.1. High Pressure Carbon Monoxide 
In 1999, Richard E. Smalley et al. developed a chemical-vapor-deposition (CVD) technique for 
synthesis of CNTs, known as HiPco[124]. In this method, a continuous-flow gas phase carbon 
monoxide under high pressure acts as the feedstock, and ion clusters (derived from thermal 
decomposition of Fe(CO)5) work as the catalyst for CNT growth. This technique can yield 
SWCNTs of high quality, and provide continuous growth of nanotubes in the presence of the 
carbon monoxide[125], making it promising for large scale production of SWCNTs (Figure 2.8).  
 
Figure 2.8: Typical high-resolution transmission electron microscopy (TEM) image of CNTs 
synthesized by HiPco, modified from Ref. [124]. 
2.2.2. Pulsed Laser Vaporization 
 
Figure 2.9: Typical high-resolution transmission electron microscopy image of CNTs synthesized using 
PLV technique, modified from Ref. [126]. 
The commonly used Nd:YAG lasers for SWCNTs synthesis have been reported to be effective 
in production of high quality SWCNTs [127,128]. Eklund et al[126] first introduced the use of 
subpicosecond laser pulses for the large-scale production of SWCNTs, known as pulsed laser 
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vaporization (PLV) technique. Because the temperature distribution of reaction region can be 
well controlled under this way, PLV yields nanotubes with quite uniform diameters, as shown 
in the Figure 2.9.  
2.3. Dispersion of SWCNTs  
Solution-based SWCNTs compared to their solid-based counterparts in which the transferring 
and sorting of tube samples are much difficult can provide more freedom in well placing 
nanotubes and SWCNT separations with respect to material conductivities, even chiralities. 
These priorities make them promising for studies of CNT electronics and optoelectronics. In 
order to disperse SWCNTs individually into either water[129–131] or organic solvents[132,133], 
proper functionalization should be applied covalently[134,135] or non-covalently to nanotube 
walls[131,136,137]. Covalent chemistry routes introduce functional groups to the ends and sidewalls 
of nanotubes, rendering them soluble with respect to solvents[135,138]. Using these methods, 
individual nanotubes can be well-dispersed in suspensions, making it possible to sort nanotube 
with respect to tube diameters[135,139] or electronic types[140]. However, the electrical 
performance of the SWCNTs functionalized in this way will be lowered due to the disruption 
of the conjugated   band of the nanotubes induced through sp3 hybridization[141]. On the other 
hand, for non-covalent approaches, surfactants such as sodium cholate (SC)/sodium dodecyl 
sulphate (SDS)[49,95], or organic polymers[132,133], are used to stabilize CNT agents with proper 
ultra-sonication processing[142]. 
2.3.1. Surfactant Coating 
Among the non-covalent approaches, surfactant coating is widely used in the preparation of 
SWCNT aqueous suspensions[95,143]. In brief, the added surfactants in water initially form a 
random layer on the nanotube wall and then more surfactant molecules bind onto it, forming a 
hemi-micelle. As studied, the correlation between nanotube structure and surfactant coating 
configuration is dependent on differences in the surface   electron states of the various 
SWCNT curvatures, which determine the interaction between surfactants and nanotubes[95]. In 
general, when an SDS molecule surrounds around a small-diameter nanotube of a large bond 
curvature, a larger energy is required to bend the molecule on to the CNT wall[144]. Thus, the 
SDS molecules prefer coating larger-diameter nanotubes with smaller curvatures compared to 
the small-diameter ones[49,145]. Besides, the extent of SDS coating is also dependent on the 
electronic character of SWCNTs. As a consequence, m-SWCNTs present a higher degree of 
SDS wrapping than s-SWCNTs because of its higher polarizability[49,130]. 
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2.3.2. Polymer Wrapping 
Dispersing SWCNTs with wrapping of aromatic polymers into organic solvents can produce 
stable nanotube suspensions, which is receiving an increasing attention because it demonstrates 
attractive sorting-selectivity (>99%) for s-SWCNTs[59,146]. During this approach[147], raw 
carbon nanotube materials are firstly dispersed in organic solvents using ultra-sonication with 
the existence of a suitable polymer, then followed by ultracentrifugation. Consequently, only 
SWCNTs which possess preferential interaction with the polymer can suspend in the solvent. 
Polymers for instance poly(9,9-dioctylfluorene-2,7-diyl) (PFO)[132], poly[9, 
9-dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)] (PFH-A)[148], poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-1,4-benzo-[2,1’-3]-thiadiazole)] (PFO-BT)[133], and poly(9,9-di-n-
dodecylfluorenyl-2,7-diyl) (PODOF)[128] have been widely employed in s-SWCNT sorting. 
Regarding to the sorting mechanism, it is commonly attributed that the polymer interacts with 
a s-SWCNT by aligning the aromatic backbone along its wall so that maximize  
 - stacking[149–151], thereby suspend the nanotube in the liquid. However, disregarding the 
influence of temperature, in order to achieve individual s-SWCNT wrapping, an upper limit for 
the polymer concentration exists, beyond which bundling of metallic tubes begins in the  
sorted-suspension[152].  
Wang et al.,[153] outlined three rules for the choice of CNT-dispersing solvents. Firstly, the 
solvent must solubilize the polymer, while the SWCNTs must have a low intrinsic solubility, 
so that only the polymer-wrapped nanotubes are dispersed. Secondly, the density of the solvent 
must be lower than SWCNTs in order to assure the unwrapped SWCNTs can sediment out the 
solution after centrifugation. Additionally, the solvent should be nonpolar (such as toluene,  
o-xylene, and m-xylene) in order to prevent the solvent interacting with the polarized  
polymer-wrapped m-SWCNTs, thus allowing for better selective sorting of s-SWCNTs. 
2.4. Dielectrophoresis of SWCNTs 
The motion of dielectric particles under the influence of an inhomogeneous external electric 
field is called dielectrophoresis (DEP). Motions of carbon nanotubes during the DEP process 
are mainly determined by local electric fields which exert imbalanced forces on the induced 
dipoles of nanotubes, moving them inwards (positive dielectrophoresis) or outwards (negative 
dielectrophoresis) from deposition regions with respect to gradient directions of the electric 
fields. Aside from dielectrophoretic forces, other effects, for instance gravitational forces and 
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Brownian motion, are also responsible for the motion of SWCNTs during DEP. In order to 
quantitatively describe the motions of SWCNTs thereby precisely integrating them into devices, 
all mechanical factors contributing to either the translational or rotational motions of nanotubes 
during DEPs should be analyzed systematically. 
2.4.1. SWCNT Polarizability 
When a SWCNT is placed in an uniform electric field E

,  a dipole moment p E

 with   
denoting the polarizability tensor is induced. Based on the tight-binding model and neglecting 
local electric field[89],  the correlation between the real part of the dielectric function ( , )q 

 















  (2.10) 
here   stands for the area of the CNT unit cell, and q

 is the wave vector.  
Figure 2.10 displays the schematic diagram of SWCNT DEP. Because of the cylindrical 
structure of nanotubes, only two principal axes 1, 2 representing the parallel and perpendicular 
directions to nanotube axis respectively out of three Cartesian coordinates 1, 2, 3 should be 
considered. Through this way, only the elements of polarizability tensors 11  and 22  are non-
zero. When the wave vector q

 along these axes tends to be zero, the unscreened polarizability 











  (2.11) 
with E  standing for the average energy of the CNT transition[89].  
The relationship between the unscreened polarizability 0  and screened polarizability   which 
is the experimentally accessible quantity can be determined by 0 totp E E  
 
, with the local 




 goes along the 2-axis, the SWCNT bound-surface charges 
leads to a local depolarization field. With assuming this local field is constant inside the 
nanotube, the corresponding screened polarizability element 22  is given by 
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  (2.12) 
For a given E

 along the 1-axis, the corresponding local electric field 0locE 

 due to the finite 
length of SWCNTs in which charges accumulate at the tube ends. However, for nanotubes with 
significantly larger length/diameter ratio, the 1-axis screened polarizability element can be 
treated as 11 110   due to the negligible charge accumulation at the further ends.  
 
Figure 2.10: Diagram of the SWCNT dielectrophoresis system. 
As reported from Ref. [76,154], 11  is much larger than 
22  for SWCNTs because of the 
heavier dimensional limit of electronic wave-function along 2-axis. This indicates that the 
electric field induced dipole moment of nanotubes primarily points along the tube axis. Besides, 
unlike electronic bang-gap independent 22 , the longitudinal axis polarizability 11  of 
nanotubes depends critically on their electronic band structures as described by equation (2.11). 
Therefore, for zero-band-gap metallic nanotubes, their polarizability is significantly larger than 
that of s-SWCNTs[155]. 
2.4.2. Translational Motion Analysis 
1. Stokes Motion 
For a microsystem of fluids, the Reynolds number which is defined as a ratio of inertial forces 
to viscous forces for given flow conditions is very small[67,156]. Therefore, experienced inertial 
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forces of particles moving in fluids are negligible compared to the viscous forces exerted from 
the media, implying that particles moves in the form of Stoke’s motion.   
The translational movement of a CNT experiencing a force F

 in the fluid, as stated by the 
Stoke’s motion, can be expressed as 




    
 
  (2.13) 




 denotes the velocities of the CNT and fluid respectively.  
The term ( )CNTu  

 of the eq. 2.13 represents the drag force of this nanotube as moving in 
the fluid, with   standing for the friction factor, governed by 3 ln(2 / )CNT CNT CNTl l d  , 
here CNTl , CNTd  are the length and diameter of the CNT,   is the viscosity of the medium
[157]. 
Therefore, under a constant force F

 and fluid velocity 

, the CNT velocity can be given by 





u u  
 




  (2.14) 
with 0,CNTu

 indicating the initial velocity of the CNT. A characteristic time for this motion 
acceleration, /CNTm  , notably is shorter than 10-11 seconds (Figure 2.11, a referrable 
computation can be found in the Matlab program P2-1 as stored in the attached CD) for a single 
CNT with length < 1 µm and diameter < 2.5 nm dispersed in either water ( 0.894 mPa s   , 
see Appendix A) or toluene ( 0.583 mPa s   ) at the room temperature of 300 K. Thus for a 










  (2.15) 
In general, the acceleration process of CNT motions is much more complicated than the above 
simple analytical solution because the acceleration of fluids and diffusion of vorticity are not 
considered here. 
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Figure 2.11: The chirality-resolved characteristic time of Stokes motion for carbon nanotubes dispersed 
in (a) water and (b) toluene with CNTl = 1 µm. Calculation details can be referred to the 
Matlab program P2-1 as stored in the attached CD. 
2. Gravitational Force 
Mass densities of pure (n, m) SWCNTs can be simply approximated as 
4 2 23.89 10 /CNT n m mn      kg/m
3 through considering nanotubes can be treated as rolled 
up geometries of monolayer graphenes[158,159]. Thus, the experienced gravitational force for a 
CNT in a fluid of density m  can be given by 
 ( )g CNT mF g   
 
  (2.16) 
where g

is the gravitational acceleration, 2 6CNT CNTl d   is the volume of ellipsoid-shaped 
SWCNTs. Therefore, the magnitude of a CNT velocity induced by the gravity is 
 
2 ln(2 / )
18
CNT m CNT CNT CNT CNT m
g
g d l d g
u





   (2.17) 
Figure 2.12 (calculated through the P2-2) shows the calculated gravitational-force induced, 
chirality-resolved terminal velocities of 1 µm long SWCNTs dispersed in (a) water 
( 31 10m   kg/m
3, see Appendix A) and (b) toluene ( 867m  kg/m3) respectively based on 
the equation (2.17). As shown in both cases, the gravitational terminal velocities of the 
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SWCNTs are below 10-10 m/s, which indicates that the influence of gravitational forces on CNT 
deposition is negligible compared to those of the Brownian motions and dielectrophoretic 
forces as given below. 
 
Figure 2.12: Gravitational force induced chirality-resolved terminal velocities of carbon nanotubes 
dispersed in (a) water and (b) toluene with CNTl = 1 µm. Calculation detials can be referred 
to the Matlab program P2-2 as stored in the attached CD. 
3. Brownian Motion 
Brownian motion is the random motion of particles originating from their collisions with atoms 
or molecules of fluids or gases in which they are suspended[160]. 
In general, random displacements of solution-dispersed CNTs arising from the Brownian 
motion follows a Gaussian profile with a root-mean square (rms), and can be presented as[161,162] 
 2L Dt    (2.18) 
where, L  is the displacement of CNTs in liquids driven by the Brownian motion, and  D  
denotes the diffusion tensor of the nanotubes moving in solutions, t  is the characteristic time 
for observations. For ellipsoidal particles like CNTs, two translational hydrodynamic friction 
factors par  and per  are needed to describe both the long-axis parallel and perpendicular 
motions of such uniaxial anisotropic particles in liquids[163–165].  
As studied[161], two-dimensional translational diffusion projection transD  of 3D Brownian 
motions of CNTs, can be written as  
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   (2.19) 
In order to derive the magnitude of the Brownian motion, a nanotube with 1 nm CNTd ,  
1 µm CNTl  is considered here (as shown in the Figure 2.13 and calculated using the program 
P2-3). The derived transD  is estimated to be 3.06 µm
2/s for tubes in water, and 4.95 µm2/s for 
toluene case at a room temperature of 300 K. Therefore, Brownian motion can yield several 
orders of magnitude larger displacement than the gravitational force regarding to CNT 
translocations in fluids within the same time interval.  Thereby one can address that the effective 
DEP process occurs only when the translational displacements of CNT-DEPs are larger than 
that induced by the Brownian motion. 
 
Figure 2.13: Length dependence of translational and rotational Brownian diffusions for CNTs dispersed 
in water and toluene with CNTd = 1.5 nm. Calculation detials can be referred to the Matlab 
program P2-3 as stored in the attached CD. 
4. Dielectrophoretic Force 
Based on Pohl’s theory[166], DEP force DEPF

 of particles in the non-uniform electric fields can 
be expressed as: 
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 ( )DEPF p E 
    (2.20) 
where p

 is the induced dipole moment of the particle through the electric field E

. The effective 
dipole moment of this particle within this field can be formulated as  
 p E

   (2.21) 
here   presents the unit volume complex effective polarizability of this particle.  
The typical DEP system for prolate-ellipsoid particles, such as CNTs, is shown in the Figure 
2.10. In order to describe both directions of electric fields and orientations of CNTs, two sets 
of three orthogonal axes are needed: x , y , z  are picked to define the direction of the electric 
field, and 1, 2, 3 axes depict the radii axis a1, a2, a3 of the CNT respectively. The angle   
represents the relative orientation between the electric field and the long  
axes 1 of the nanotube. Based on these definitions, the effective polarizability of a single 
nanotube with respect to each principal axis n (n=1, 2, 3) can be expressed as[157]  
 
,n m CM nf 



















  (2.23) 
here, parameters CNT , m  stand for complex dielectric permittivities of the nanotube and 
medium respectively.  and   indicate their real parts of permittivity and conductivity, and   
represents the angular frequency of the electric field. Parameter ,CM nf
  is obviously frequency 
dependent and is known as the Clausius-Mossotti factor (CMF)[79,80,167]. The depolarization 
index nL  is determined by the CNT geometry, and can be derived through an elliptical 
integral[168].  In practice, CNT length CNTl  is much larger than the width CNTd , which gives rise 
to the 2L  and 3L , making 2 3 1 2L L  but significantly suppressing the component 
 2 21 ln(2 ) 1 1CNT CNT CNT CNTL d l l d    (as shown in Fig. 2.14 and computated with P2-4).  
Typically, the electric field gradient perpendicularly across a nanotube is negligible compared 
to that along its longitudinal axis, thus the experienced DEP force of the SWCNT can be well 
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approximated by only considering its longitudinal-axis component. Thereby the time-averaged 
DEP force of nanotubes is simplified as 




( ) Im ( ( Im ))
2 4 2
DEPF p E E E E   
                   
    
    (2.24) 
where   indicates complex conjugation,  and Im  are the real and imaginary parts of 
variables in concern. The first term  
2
11 4 E  

  is non-zero for a spatially varying electric 
field, while the second term  11 2 Im ( ( Im ))E E           
 
  is non-zero only if there is a 
spatially varying phase within DEP circuits, implying it is negligible under low field 
frequencies. This is because the corresponding wavelengths of the applied electric fields are 
much larger than the characterization lengths of typical DEP devices. Therefore, the spatial 
phase can be thought of a constant under this situation. Based on this assumption, the time 




















  (2.25) 
rmsE

 is the root mean square of the electric field E

. Regarding to more discussions of DEPs,  
Ref. [67] is recommended. 
 
Figure 2.14: Length dependence of the longitudinal depolarization index of CNTs with diameter of  
1 nm. Calculation detials can be referred to the Matlab program P2-4 in the attached CD. 
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Notably, in practice the dipole approximation for DEPs is invalid when the CNT is close to a 
null field or in a region where the field strength varies significantly, such as the edges of the 
electrode terminals. Under those circumstances, higher order electrical moments (quadrupole, 
octopole, etc.) and the corresponding force terms become significant and should be concerned.  
Considering dimensionless 1L  is of the order of 10
-5 for a 1-µm long nanotube (as shown in  
Fig. 2.14). Subjectively, the high- and low-frequency limits of the CMFs (as described in  
eq. 2.23) of SWCNTs can be simplified as  

















   (2.27) 
Recently, Li et al.[79] reported that the low frequency approximation of the CMFs as displayed 
in the eq. 2.27 is inaccurate when surfactant-aqueous medium (for instance 0.01w-% sodium 
dodecyl sulfate (SDS)-water (denoted as 0.01-w%-SDS water), with 0.004m   S/m, see 
Appendix A) was replaced by low conductivity solvent, such as toluene ( 1110m
  S/m). 
Under that situation, the role of depolarization index 1L  in determining magnitude of CMf
  
increases when the conductivity of the medium drops dramatically. Thus for the case of toluene, 
the low frequency approximation of the CMFs becomes only CNT geometry dependent, and 



























  (2.28) 
Therefore, one can speculate that the deposition rates of longer s-SWCNTs may exceed those 
of shorter m-SWCNTs with toluene working as the dispersing medium during DEPs with DC 
electric fields. However, this phenomenon normally is not accessible due to the occurrence of 
electrolysis when a large DC bias is applied in DEP. 
2.4.3. Rotational Motion Analysis 
1. Brownian-Motion Induced Torque 
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Aside from the translational displacements of the Brownian motion, SWCNT can also rotate 
freely in liquids. Hence the dissipative coupling of translational to rotational motions needs to 
be considered, which can be described with a diffusion coefficient r . 
According to the Broersma theory[162], the rotational diffusion tensor rotD  of a prolate ellipsoid 
is given by 
 
3









   (2.29) 
under same assumptions as mentioned in Chapter 2.4.2, here the calculated rotD  are 24.29 and 
39.31 rad/s for CNTs dispersed in water and toluene respectively (as shown in Fig. 2.14). 
Therefore, the effective integrations in which CNTs can be well aligned are accessible only 
when the DEP induced rotational displacements of CNTs are larger than those induced by the 
Brownian motion. 
2. DEP Torque  
DEP torque DEPT

 of particles can be expressed as[166]: 
 
DEPT p E 
    (2.30) 
In terms of the rotation of SWCNTs during DEPs, one common approach to derive the 
dielectrophoretic torques is to define the electric field vectors within the 1-2 plane (as shown in 




0DEP DEPT T  and the time averaged 
dielectrophoretic torques are derived using the expression[7] 
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DEP rms rms m CM CM
d l
T L L E E f f

      
 
    (2.31) 
with ,1 cosrms rmsE E 
 
 and ,2 sinrms rmsE E 
 
. Integrating eq. 2.23 into above equation, one can 
derive 
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     
  
  
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    
     
  (2.32) 
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3. SWCNT Alignment 
SWCNT alignment can be characterized using the Nematic order parameter S , which is zero 
in the disordered phase and non-zero in the ordered phase of CNT orientation based on the 
external electric-field induced torques DEPT
[79,169]. In order to derive S , the rotational energy 
ROTU  of the CNT is needed 
 
ROT DEP CNT
U T d    (2.33) 
Compared to the thermal energy Bk T  (with Bk  being the Boltzmann constant and T  the 









U k T d
f d






  (2.34) 
with  2 sind d    .                                                   









     (2.35) 
under assuming that the director direction for CNT alignments is placed in the same direction 
of the external field. For further discussions, Ref. [169] is recommended.  
2.4.4. Electrohydrodynamics 
As discussed above, large electric fields should be applied for depositing SWCNTs through 
DEPs in order to achieve high-quality (high-density and good alignment) depositions. However, 
with the increase of dielectrophoretic electric fields, Joule heating is inevitably pronounced, 
which gives rise to an electrothermal force (ETF) on liquids, leading to variations in the 
conductivity and permittivity of the fluids[170]. Furthermore, when the Joule heating becomes 
strong enough, buoyancy forces are also needed in concern. In addition, based on electrode 
geometry, the applied AC DEP bias can yield a tangential component of electric field pointing 
along electrical double layers (EDLs, as shown in Figure 2.15) formed between the electrodes 
and the electrolytes. This tangential electric field contributes to a fluidic motion which is known 
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as the AC electro-osmosis (ACEO) slip[157]. This slip is field frequency-dependent and 
detrimental for CNT deposition, thus it must be suppressed for nanotube DEP depositions. 
Moreover, when a low-frequency electric field is tangentially applied to the solid substrate 
bathed in electrolytes, ion-charges in the local double layer also experience a Coulomb force, 
causing ions to move within the solution with respect to the direction of the electric field. This 
motion leads to a drag flow, known as the DC electro-osmosis (DCEO) on the liquid, and also 
needs to be reduced. Therefore, in order to achieve a well-aligned and highly-dense CNT 
deposition, a systematical comprehension of the fluid electrohydrodynamics involved in 
electrical, thermal and fluidic aspects of CNT-DEPs is required. For a further discussion 
involved in this chapter, reviews of Ref. [67,170] are recommended. 
1. Potential Field   
Electromagnetic fields in liquids are governed by the Maxwell’s equations. For microsystems, 
magnetic effects can be neglected since the energy stored in the magnetic field MW  is smaller 















   (2.36) 
The magnetic field is generated by both conduction and displacement currents. If conduction 
currents dominate, the magnetic field intensity can be estimated as ~H E L
 
, with L  being 









   (2.37) 
If the displacement currents dominate, an estimation of the magnetic field intensity can be 
derived from ~H E L
 
. Thus for frequency 2 1 0f     MHz and 1L  mm, 





    (2.38) 
Therefore, for linear and isotropic materials with a displacement field of E

, Maxwell’s 
equations reduce to the quasi-electrostatic limit[67,171]: 
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 0E  

  (2.39) 
 ( ) qE  

  (2.40) 
where q  is the volume charge density of media. The charge continuity equation derived from 









  (2.41) 
In a bulk electrolyte, the electrical current is given by the Ohm’s law: j E

. And for a binary 
symmetrical electrolyte the current density is given by 
 ( ) ( ) ( )ej e n n E eD n n e n n            
 
  (2.42) 
with e  denoting the absolute value of the electronic charge, and e , D , n , n  being the 
mobility, diffusion coefficient and number densities of positive and negative ions respectively. 
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0 ~10n  m-3, and ~ 10L  µm, 
4~ 10  which means that the liquid can be considered as quasi-electroneutral[172]. 
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where 0/ 2De eD en   is the Debye length, a length scale over which mobile charge carriers 
screen out electric fields in solutions (Figure 2.15) or other conductors[173]. Normally De  is in 
the order of nanometers for a normal SDS-water medium, but much smaller than the 
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characteristic length of typical DEP systems. Hence, the ratio between the electrical diffusion 
to electrical drift is usually small thereby the former is negligible. 
Furthermore, when comparing the conduction current E
















   (2.45) 
with given 3~ 1 0   S/m, ~ 10L µm and ~ 100  µm/s. The term L  , known as the 
electrical Reynolds number[174], represents the ratio of the time-scale of charge convection by 
fulid flow and charge relaxation by Ohmic conduction. Since this physics is quite small, the 
electrical equations are decoupled from the mechanical equations as mentioned below. 
Based on above discussions, it is convenient to neglect diffusion and convection currents, and 
assume that   and   are time-independent within DEPs. Thereby equations (2.39) and (2.40) 
can be combined as 
 ( ) 0i E     

  (2.46) 
with the electric field is now a complex vector 0( , )
i tE t E e  
 
. 
In practice, the gradients in permittivity and conductivity are often small within liquids. Thus 
the solution of electric potential distribution can be described by the Laplace equation 
 0    (2.47) 
2. Thermal Field 
Electric fields of DEPs generate electric currents, which inevitably heat up the systems. In order 
to derive the temperature distribution of the system, the equation solving for the internal energy 
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  (2.48) 
where pc  is the specific heat capacity of the media under the standard pressure, and   is the 
thermal conductivity of the fluid. In the presence of the electric field, the temperature field 
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rapidly reaches a stationary state.  Similar to the discussions in Chapter 2.4.2, this time interval 
is given by 
2 /m pt c l  . As calculated it is shorter than 0.1 s both for Toluene 
( 0.141W / mK  ) and SDS-water ( 0.6W / mK  ) based DEPs (see Appendix A). The 
stationary temperature field possesses a time-independent and an oscillating component. 
Generally, the effect of the oscillating temperature component on the fluid dynamics is 
negligible for electrical field frequency higher than 1 kHz[170] due to the existence of milli-
second relaxation interval of  thermal equilibrium, therefore only the former component matters.  
For microsystems, the convection of heat is smaller than the heat diffusion, which is 
characterized with the Péclet number denoting the ratio of thermal energy convected to the fluid 





m p m p
c T c L
Pe
T




  (2.49) 
Neglecting the heat convection term, the temperature equation (2.48) can reduce to Poisson’s 
equation, with Joule heating as the energy source  
 
2
2T E  

  (2.50) 
3. Fluidic Field 
Under the mass conservation assumption, the velocity of an incompressible fluid 

 can be 
described by Navier-Stokes equations[67] 
 0  
   (2.51) 
 2( )m mEp f gt
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     
 
       
 
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    
  (2.52) 
where  ( )m t      
  









 represents the fluid experienced inertial 
forces, pressure forces, viscous forces, external electrical forces and gravitational force 
respectively.  
For microsystems with dimension 100L   µm and typical 100 

 µm/s, the Reynolds number 
is very small, which yields 
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~ Re 0.011( ),0.015( )m m
L
water toluene






   (2.53) 
indicating that the convective-inertial forces is much smaller than forces caused by viscosity. 
However, for high bias CNT DEPs, 

 can be up to cm/s. Under that situation, both two items 
from equation (2.52) should be considered as discussed in Chapter 6.  
A stationary state of fluids can be reached within a time interval of 2 /mt L  , which is usually 
smaller than 0.01 second after electric field is switched on. Thus for CNT-DEPs, the  
time-averaged component of fluidic motions can be derived through 
 20 mEp f g       
 
  (2.54) 
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  (2.55) 
here, the charge and electric field on the right-hand side are the complex amplitudes. The first 
term represents the Coulomb force, and the second term indicates the dielectric force which 
depends on gradients of conductivities and permittivities of fluids.  
In practive, the local heating of electric fields induces gradients of fluid permittivity and 
conductivity. This in turn exerts a body force known as the electrothermal force (ETF) on the 
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
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  (2.56) 
with 1(1/ )( / ) 0.004T K        and 1(1/ )( / ) 0.02T K        standing for the relative 
variations of fluid permittivity and conductivity induced through temperature gradients. Based 
on equation (2.56), it is clear that the ETF is field frequency dependent: As   is much greater 
than /  , the second term (the dielectric force) dominates the ETF. Otherwise, as /   , 
the Coulomb force dominates. 
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Gradients of temperature can also generate a gravitational body force gf

 on fluids, known as 
Buoyancy. When / 1   , the Buoyancy force is very small compared to the electrical 
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   (2.57) 
yielding a result of /g Ef f 
 
 smaller than 31 0  for all the media used in this work under a given 
characteristic length 50L   µm and applied voltage 10V   V. Besides, when L  is further 
decreased, for instance down to micro-scales, the influence of the Buoyancy becomes negligible. 
 
Figure 2.15: Schematic diagram of the Stern modified Gouy-Chapman electrical double layer and 
corresponding electrical potential distribution. 
AC currents can generate divergent electric fields in the planar electrode arrays of DEP chips, 
which give rise to an electric field component tangential to EDLs at the surface of electrodes 
(as shown in Figure 2.15). Such a tangential field performs a non-zero time average force on 
the ions within the diffuse double layers, causing them to move along EDLs, which in turn 
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results in a drag flow on the fluids. The induced flow, known as AC electroosmotic (ACEO) 
slip, varies from zero at the slip-plane up to a maximum of ACEO  at the outer surface of 
electrodes. 
















  (2.58) 







   (2.59) 
The capacitance DLC  represents the capacitance of the electrical double layer, serially composed 
of an immobile charged stern layer and a Poisson-Boltzmann-distribution charged diffuse layer, 
formed at the interface between the electrolytes and electrodes (as shown in Figure 2.15). The 
factor   indicates the ratio of the stern layer capacitance SC  over the sum of the capacitance SC  
and the diffuse layer capacitance DC . It dominates the field potential distribution within the 
EDLs and will be discussed in detail in Chapter 6. 
The ACEO  profile is highly electrical-field-frequency dependent and tends to be zero at both 
low and high frequency limits, but reaching a maximum velocity given at 1 . For high field 
frequencies, both drift and diffusion velocities of the surface charges is rather low compared to 
the change frequency of electric fields because the EDLs could not relax and rebuild sufficiently. 
Whereas at low frequencies, the applied potential, especially for high ion-concentration media, 
drops mainly across the double layer and results in a very small electric field remaining in the 
solution.  
For a low ion-concentration media such as toluene, the ACEO can be annihilated even under 
rather high field frequency becasue the thickness of EDLs is much larger than the channel 
length (as discussed in Chapter 6), making DC  much smaller than high ion-concentration media. 
Thus in this thesis, one can only consider the ACEO for surfactant-water (for instance  
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0.01-w%-SDS water) based DEPs, not for toluene (e.g. 100-ppm-H2O toluene, with water 
content ≈100 ppm, 69.519 10De
   m, see Appendix A). 
The maximum DC electroosmotic (DCEO) velocity above the double layer can be determined 






    (2.60) 
where   is the zeta-potential at the slip-plane, denoting the potential difference between the 
micelle forming surfactant solution and the dielectric layer of the substrate[179], and xE  denotes 
the tangential electric field to the solid surface of the substrate. Unlike the ACEO, the driven 
potential of the DCEO across the dielectric-layer/electrolyte interface becomes negligible under 
high-frequency AC conditions, making this slip velocity neglected. 
2.5. Finite Element Simulation 
The equations discussed in Chapter 2.4.4 for solving electrical potential, thermal temperature, 
and fluidic velocity distributions of DEP systems are coupled with each other and must be 
simulated sequentially depending on specific DEP conditions. In order to numerically study an 
interested geometry-based DEP, an effective technique known as the finite element method 
(FEM) simulations should be employed.  
FEM is a numerical technique used to approximate, but numerically stable solutions for partial 
















  (2.61) 
where u , f  are multivariate functions defined within a domain U  with boundaries 
1 2U   , and  u  exists on U . The boundary condition of boundary 1  is named as 
Dirichlet boundary, while 2  the Neumann boundary
[180]. 
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In order to solve this PDE problem, firstly, its weak formulation in which the highest order of 











    (2.62) 
making u  mathematically smooth. 
Then by dividing the whole domain U  into proper subdomains iU  with  1,2, ,i n  , the 
equation 2.62 can be integrated over each iU , which contributes to a basis function i  (with 
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j j i i
j
c dA f dA  
 

      (2.64) 
which holds true for all  1,2, ,i n  . Thus one derives the discretization matrix of A  with  
 
ij i jA dA 
   .  (2.65) 
In practice, the choice of the set i  cannot be satisfied with all orthogonal functions, thus a 
proper approximation is chosen as 
 
0 1, , 1
0 .
ij
for j i i i
A
else
   


  (2.66) 
With definitions of vectors 1 2( , , , )
T
nx c c c   and 1 2( , , , )
T
nb b b b   for which i ib f dA  , 
equation (2.64) is expressed as a linear equation of Ax b  which is solvable in an iterative 
method with a proper initial conditions, thereby deriving the approximate solution u  for u . 
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2.6. Field Effect Transistor of SWCNTs 
The DEP-deposition configuration of SWCNTs has a crucial impact on the performance of the 
corresponding transistors. In order to achieve high-performance transistors, the m-SWCNT 
content within the sediment of CNTs should be removed to the greatest extent. Besides, the 
packing density of the s-SWCNTs should be extremely enhanced as neglecting inter-tube 
screening. Thus a high-quality CNT deposition gives rise to the device performance. 
Conversely, the performance of transistors also reflect the quality of SWCNT-DEP depositions. 
2.6.1. Schottky Barrier 
Schottky barrier is a potential barrier for charge transport at a metal–semiconductor 
interface[181], which performs current rectifying characteristics as a diode. The first CNT FET 
was demonstrated by Tans et al.[182] and Martel et al.[183] in 1998. It was initially thought that 
CNT transistors were operated in a similar way as conventional metal–oxide–semiconductor 
field-effect transistors (MOSFETs) where the channel material potential is predominant for 
controlling current going through. However, it was soon realized that Schottky barriers at the 
CNT-metal contacts dominates the device transport properties[184].  
When a metal is in contact with a semiconductor of different work function, a Schottky barrier 
appears at the junction via charge exchange induced because of mismatch between their Fermi 
levels. In the absence of interface states which is believed to be a good approximation for the 
metal/tube interface[185], the Schottky-barrier heights for hole and electron injections are given 
by  
 / 2 , / 2.p nSB CNT g M SB M CNT gE E             (2.67) 
Here M  represents the work function of the metal, CNT  the work function of the nanotube and 
its energy gap g  (see Fig. 2.16(a)). When the Fermi level of metals lies at the mid-gap of the 
nanotube band structure (Fig. 2.16(b)), there is an equivalent Schottky barrier for both n and p 
carrier injection, whereas when it aligns close to the hole band (Fig. 2.16(c)), the barrier for 
hole injection is reduced but that for electron injection is enhanced.  
As shown in the literature of Ref. [122,186–188], high work function metals, for instance Pd, 
Rh, make good p-type contacts for SWCNTs, whereas low work function ones such as Al, Ca 
yield better n-type contacts. However, the work function itself is not sufficient to assure ohmic 
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contacts with nanotubes. For instance, for a p-type contact, Pt has a larger work function than 
Pd, but forms more resistive contacts. This can be attributed to additional tunneling barriers due 
to poor wetting of the nanotube as using Pt[122]. 
Based on eq. 2.7, there is a critical SWCNT diameter, below which a Schottky barrier with 
finite height increasing with the decreasing CNT diameter, for each metal existing. Figure 
2.16(d) shows the on-current as well as Schottky barrier height within the p-regime of SWCNT 
transistors of different diameters and contact metals[188]. Consistently, a notable barrier grows 
with the decrease in CNT diameter. The first Ohmic p-type contacts were achieved by Javey et 
al.[122] with nanotubes of diameter >1.5 nm deposited across Pd electrodes. This provides not 
only a consistent picture regarding to the contact properties of s-SWCNTs, but also stimulates 
the motivation for selecting Pd metal as CNT contacts within this thesis.  
 
Figure 2.16: Schematics of the Schottky-barrier for hole and electron injections of (a) the nonaligned 
metal-CNT contacts, (b) contacts with metal work function at the nanotube mid-gap and 
(c) p-type contacts. Modified from Ref. [189]. (d) The diameter dependence of  
on-current and Schottky-barrier height of SWCNT contacts with respect to different 
metals. Inset includes data for Pd-contacted CNT FETs from other publications. Modified 
from Ref. [188]. 
2.6.2. Classification and Properties 
Based on the working principle of transistors, two types of s-SWCNT FETs have been 
commonly studied, as shown in Figure 2.17 (a) Schottky barrier dominated FETs,  
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SB-CNTFET[190] and (b) MOSFET like transistors[191], MOS-CNTFET. The former works on 
the principle of charge tunneling through a Schottky barrier at the source-channel junction as 
shown in Figure 2.17(c). Thereby the barrier width is modulated with the gate voltage, resulting 
in gate-voltage dependent trans-conductance. Distinctly, MOS-CNTFETs in which the source 
and drain regions of CNTs are heavily doped, are operated under the principle of  
gate-voltage-dominated barrier-height modulation (Figure 2.17(d)).  
Compared to conventional FETs, Trans-conductance g  and carrier mobility   are two 
common metrics which can be extracted from SWCNT device characteristics[28]. The  
trans-conductance SD gg dI dV  of FETs is a measure for the sensitivity of the source-drain 
current SDI  to changes in the gate voltage gV , determing the width of the switching transition 
of devices. In contrast to conventional devices where g  directly describes the capacitive 
coupling between the gate electrode and charge carriers of the transistor channel materials, it is 
wholly determined by the gate modification of the barrier width for a  
SB-CNTFET. However, the derived SWCNT trans-conductance of 10-20 µS[192,193] cannot 
display the device physics conventionally. Similarly, the mobility   denotes the conductivity 
per individual charge carrier, which represents the carrier velocity per unit of applied field for 
conventional FETs. However, for SB-CNTFETs,   stands for the effective charge transport 
mobility, i.e. not merely reflect carrier velocity but also the tunneling characteristics of the 
Schottky barriers.  
One type of SB-CNTFETs is called back-gated transistors[128] (as introduced in Chapter 3.6.3) 
in which degenerately doped Si wafer serves as a supporting substrate and global gate electrode. 
The working principle of these devices can be simply described as: With the increase of 
negative gate voltage gV , the role of hole carrier transport become pronounced, indicating the 
Fermi level FE  shifts close to the valence band of the SWCNTs. While for an increase of 
positive gate voltages gV , FE  moves closer to the conduction band, thus electron transport 
dominates. From the technological standpoint, the low conductance at the “On” state limits the 
achievable drive currents and hence requires high voltages for operating the device, thereby 
more power cost needed. On the other hand, high conductance at the “Off” state will result in 
unacceptable static power dissipation. Therefore, one prefers achieving a CNT device with a 
high on-conductance and a low off-conductance. This requires not only a good device 
architecture but also a high-quality s-SWCNT conducting channel.  
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Compared to SB-CNTFETs, MOS-CNTFETs yield higher on-currents and higher  
trans-conductances as they are limited only by the amount of gate-induced charge in the 
channel[43,44], making them promising for applications in complementary  
metal–oxide–semiconductor (CMOS) logics[194,195]. In these devices, both p- and n-type CNTs 
are required to conduct charge transport. However, pristine nanotubes normally exhibit p-type 
majority charge carriers due to oxygen impurity in the ambient[196,197]. Thus, one challenge in 
the study of MOS-CNTFETs is how to render n-type CNT stable in air for a long term. Aiming 
at this problem, methods such as utilizing potassium doping[191]  and applying electrostatic 
effect[198] have been employed to convert p-type nanotube transistors to n-type ones.  
 
Figure 2.17: Side-view schematics of (a) a SB-CNTFET with top-gated architecture (reproduced from 
Ref. [190]) and (b) a MOS-CNTFET (from Ref. [191]). (c) and (d) demonstrate the energy 
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Chapter 3: Materials and Methods 
3.1. Synthesis of SWCNT Specimen 
Within this thesis, Commercial HiPco CNTs were directly ordered from NanoIntegris for 
correlated studies as displayed in Chapter 4, 5 and 6. 
The preparation of PLV CNTs used in this work (Chapter 5, 6 and 7) was performed by  
Dr. Frank Hennrich of the Karlsruhe Institute of Technology, using carbon targets doped with 
1 atom % Ni and Co catalyst in 0.5 bar argon atmosphere flowing at ca. 80 sccm through an 
oven operated at 1050 °C. Further details can be found in Ref. [127]. 
3.2. Preparation of SWCNT Suspension 
Size Exclusion Chromatography (SEC), a method demonstrates effective control over the 
length distribution of SWCNTs in solutions based on their length-dependent chromatographic 
velocity in the filtering process, has been wildly used in the length-sorting of  
nanotubes[199–201].  
In this thesis, solution-SWCNTs were prepared via SEC fractionation of nanotube suspensions 
using two kinds of solvents, i.e. water and toluene. The water based solutions were kindly 
prepared by Dr. Benjamin Scott Flavel of the Karlsruhe Institute of Technology, while the 
toluene based materials were provided by Dr. Frank Hennrich of the Karlsruhe Institute of 
Technology. 
3.2.1. Water Based Suspension 
For aqueous CNT solutions, HiPco SWCNT raw materials NanoIntegris were used. At first,  
20 mg of raw SWCNT materials were suspended in 30~80 mL of water (VWR 
CA1.16754.5000) with 1~2 wt % SDS (Sigma Aldrich) using a tip sonicator (Weber 
Ultrasonics, 20~35 kHz, 500 W, in continuous mode) applied for 15 h at 10∼20% power. In 
order to cool down the suspension during this sonication, the system was normally placed in a 
water-circulation bath. After sonication, a centrifugation at 20,000g was carried out to remove 
larger agglomerates. The resulting suspension was then fractionated with SEC using a 
Sephacryl S-200 gel filtration medium (Amersham Biosciences) filled in a glass column of 20 
cm length and 1.6 cm inner diameter. In practice, after filling the filtration medium, the gel was 
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slightly compressed to yield a final height of 2 cm. Separation was performed with a SECcurity 
gel permeation chromatography (GPC) 1260 Infinity system (Agilent Technologies).  
3.2.2. Toluene Based Suspension 
In terms of toluene based SWCNT suspensions[127], 100-mg raw PLV SWCNT soots and  
100-mg polymer poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PODOF) (Sigma-Aldrich) were 
mixed in toluene (Alfa Aesar, CAS-number 108-88-3) and subjected to sonication treatment 
for 2 hours by using a titanium sonotrode (Bandelin, ∼20% power). During sonication, the 
suspension was also placed in a water-circulation bath to aid cooling. Then the suspension was 
centrifuged for 2 hours at 20000g. In order to generate the starting suspensions for SEC 
separation, the obtained supernatant was then concentrated to ∼20 mL by evaporating the 
excess toluene. The SEC process was performed using Toyopearl HW-75 resin (Tosoh) which 
was filled into a High-performance liquid chromatography steel column with 16 mm inner 
diameter and 20 cm length. Similarly, the separation was also performed with a SECcurity GPC 
1260 Infinity system, as mentioned above.  
3.3. Characterization of Suspension  
After preparation, CNT suspensions were used to be preferentially characterized with proper 
optical characterizations, such as UV-Vis-IR absorption spectroscopy, Raman spectroscopy and 
photoluminescence as described in Chapter 2.1.3, to derive inforamtions about the nanotube 
concentration, chirality etc.  
3.3.1. Absorption Spectroscopy 
UV-Vis-NIR absorption spectra (Chapter 4-7) of the nanotube suspensions were recorded with 
a Varian Cary 500 spectrophotometer. Notably, the absorption spectra of toluene-based CNT 
suspensions in Chapter 7 were kindly collected by Dr. Frank Hennrich from the Karlsruhe 
Institute of Technology. 
3.3.2. Raman Spectroscopy 
Raman spectra (Chapter 7, also conducted by Dr. Frank Hennrich) were taken with a WITec 
CRM200 (excitation at 633 nm) and Renishaw inVia (532 and 785 nm) Raman microscope 
from flakes of SWCNTs which were derived through sedimenting CNTs out of suspensions 
using 1 hour centrifugation of 100000~200000g. 
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3.3.3. Photoluminescence 
Photoluminescence (PLE) maps (as shown in Chapter 5 and 7, conducted by Dr. Frank 
Hennrich from the KIT) were measured using a modified FTIR spectrometer (Bruker IFS66) 
equipped with a liquid-nitrogen-cooled Ge-photodiode and a monochromatized excitation light 
source[202]. The typical measurements were performed with an emission range of ∼900-1700 
nm and excitation range of 500-950 nm (scanned in 3 nm steps). 
3.4. Characterization of SWCNT Deposition 
3.4.1. Scanning Electron Microscopy 
Scanning electron microscope (SEM) in which a focused beam of electrons is used for scanning 
surface-configuration of materials, is a typical fast imaging technique for solid-substrate (e.g. 
Si) based CNT specimens. The resolution of SEM is normally better than 1 nanometer, which 
provides the opportunity for scientists to directly image the geometry profile of CNTs.  
In this thesis, the secondary-electron SEM images of CNT depositions (Chapter 4, 6 and 7) 
were taken using a Zeiss Ultra Plus field emission SEM with extra high tension (ETH) voltage 
of 1.00 kV, working distance (WD) of 2.1 mm, aperture size 20 µm and a magnification of 
20~50 K×. 
3.4.2. Atomic Force Microscopy 
Atomic force microscopy (AFM) is a type of scanning probe microscopy with resolution in the 
order of fractions of one nm, making it widely used to characterize the geometry (diameter and 
length) of CNTs today.  
The AFM measurements (Chapter 5 and 7, Collected by Dr. Frank Hennrich of the Karlsruhe 
Institute of Technology) included in this thesis were directly performed in an air environment 
with a multimode head and Nanoscope III controller (Digital Instruments), operating in tapping 
mode[143]. Commercially available silicon cantilevers with fundamental resonance frequency of 
320 kHz were employed. 10×10 µm or 5×5 µm topographic (height) and amplitude images 
were collected simultaneously at a scan rate of 1 Hz with the parameters set point, amplitude, 
and feedback control optimized for each sample. Typical samples for AFM were prepared by 
dropping 0.5 µL of SWCNT solution onto a ~1cm2 silicon wafer then spin coating at  
4000 rpm for 60 s. 
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3.5. Calculation and Simulation Tool 
Analytical calculations were coded and performed using commercial Matlab R2014a software 
(All programs used in this thesis can be found in the enclosed CD). Then the obtained results 
were replotted using commercial OriginLab Origin 9.0.  
Analog simulations of DEP circuits as presented in Chapter 6 were performed using the 
Multisim Analog Devices Edition (MADE) 10.0.410 of National Instruments. For details, one 
can refer to the corresponding programs included in the attached CD.  
For the FEM simulations (also see programs enclosed in the CD) contained in this thesis, the 
software packages FlexPDE 6 and COMSOL MULTIPHYSICS 5.0 were used. In particular, 
COMSOL is a commercially-available finite element solver for partial differential equations of 
various physics, especially for coupled phenomena. Since both temperature and fluidic velocity 
distributions of SWCNT-DEP system arising from the applied electric field, this software turns 
to be a good option to analyze the electrohydrodynamics of the fluid involved in DEPs. A 
further discussion is presented in the Chapter 6. 
3.6. Preparation of CNT-FETs 
3.6.1. Electron Beam Lithography 
In terms of transistor fabrication, electron-beam lithography (EBL) was chosen to pattern and 
make metallic contacts of the devices in this work. The schematic diagram of the transistor 
fabrication is shown in the Figure 3.1. In simple, a piece of clean Si wafer with a  
800-nm-thick SiO2 layer was cut into 1×1 cm2 pieces, then a positive resist, poly(methyl 
methacrylate) (PMMA) with designation of 950K A4.5, was spincoated at 5000 rpm for  
1 minute to yield a film thickness of about 200 nm. After spin-coating, the sample was baked 
in a hot-air oven at 165 °C for 30 min in order to evaporate the residual solvent. Then an electron 
beam with exposure dose of about 360 μC/cm2 at 30 kV was used to pattern the samples with 
the desired layout: 1×1 µm2 (As shown in Chapter 4, 6 and 7) and 1×90 µm2 (Chapter 6 and 7) 
channel gaps. After the exposure, a 1:3 mixture of methyl isobutyl ketone (MIBK) in 
isopropanol was used for developing those samples, i.e. to dissolve away the exposed PMMA 
regions, for 30 s. In order to fabricate metallic electrode, the samples were then sputtered with 
a 50-nm thick Pd over the resist. Followed by removing the unexposed resist with Acetone, 
thereby the remaining Pd structures take the shape of the designed electrodes.  
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3.6.2. Dielectrophoresis 
Using the obtained Pd electrodes, dielectrophoresis can then be performed with proper AC/DC 
electric fields for CNT depositions (mentioned in Chapter 3.2) in order to make nanotube 
transistors. During DEP process (as demonstrated in Chapter 4-7), a drop of 50 µL diluted 
dispersion was placed onto the fabricated electrode array under a nominal DC or AC (300 kHz 
~ 1MHz) electric field of 1- 10 Vrms/µm. After 5 min, the deposition was terminated by rinsing 
the surface repeatedly with proper solvents (10 × water-rinsing followed by  
5 × methanol-rising for aqueous-based DEPs, or 10 × toluene-rinsing for toluene-based ones) 
before switching the field off.  
3.6.3. Back-Gated Transistor 
After the above DEP process, the fabrication of the back-gated FETs had been completed. 
However, in order to make a good metal/CNT contact, the obtained devices were preferentially 
annealed in air at 165 °C for 90 mins to remove the remaining solvent before electrical 
characterizations. 
3.6.4. Top-Gated Transistor 
Within this thesis, one kind of transistors working under the principle of MOS-CNTFETs is 
also studied. These devices are known as top-gated transistors because an extra dielectric layer 
and electrode are fabricated on top of the CNT-deposited wafer, as shown in Figure 2.18. 
Distinct from n-type rendering mentioned in Chapter 2.6.2, one strategy to induce different 
doping of CNTs within these transistors is realized through sputtering proper Al electrodes onto 
the gating nanotube-segments, protecting them from being p-doped as annealed in air. This 
method not only preserves the intrinsic or slightly p-doping of nanotube-segments underneath 
the top-gate electrodes because of using an active alkali metal—Al, but also generates a thin 
dielectric layer of Al2O3 via the weak air-oxidization, which gives rise to the gate modulation 
of devices compared to the back-gated case.  In terms of fabricating the top-gated transistors 
(Chapter 3.1), a second lithography process (conducted by Simone Dehm of the Karlsruhe 
Institute of Technology) is needed to make top-gate electrodes on CNT-deposited devices 
achieved through DEPs. In brief, a 90-µm-long, 1-µm-wide electrode layout was patterned in 
the middle of the device channel through an additional lithography under the same conditions 
as mentioned in Chapter 3.6.1. Then it was sputtered with a 35-nm-thick Al followed by a same 
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lift-off as for back-gated devices. Now a top-gated transistor is achieved. And it can be 
performed with electrical characterizations after a 250-°C, 90-minute annealing in air. 
3.7. Characterization of CNT-FET  
Electrical characterization of CNT-FETs was conducted using an Agilent 4155C semiconductor 
parameter analyzer system and a probe station with TRIAX probes with a low current detection 
limit of 30 fA.  
Transfer characteristics (Chapter 4 and 7) were measured either with a back-gate (using Silicon 
layer as the gate electrode) voltage sweeping from VG= -80 to +80 V (step size 400 mV, scan 
rate 4 V/s), or with a top-gate voltage of -0.5 V ~ +1.5 V (step size 5 mV, scan rate 50 mV/s) 
using source-drain voltages of 0.5, 1.0 and 1.5 V. The charge mobility µ was calculated based 
on the standard linear model using formula µ=(LCh/WCh)(1/(CG·VSD))(dISD/dVG), with CG 
determined with the parallel plate capacitor model CG= 0 oxt  and  = 3.9 for the relative 
permittivity of the silicon oxide layer[24], 800oxt   nm for its thickness. 
 
Figure 3.1: Schematic diagram of the fabrication process of CNT transistors used in this work. 
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Chapter 4: Light Assisted Dielectrophoresis 
The work contained in this Chapter can be found in Ref.[78]. 
4.1. Introduction 
Dielectrophoresis (DEP) has been shown to preferentially deposit m-SWCNTs from 
dispersions containing mixtures of m-SWCNTs and s-SWCNTs[63,80]. This phenomenon 
directly reflects on the relative difference in the electric-field induced dipole moment of the 
SWCNTs. Numerically, it has been shown that the dielectric permittivity of m-SWCNTs is 
several orders of magnitude larger than that of s-SWCNTs in which the permittivity scales 
inversely with the square of the band gap[89,155]. Therefore, m-SWCNTs are enriched during 
conventional dielectrophoretic deposition, impeding s-SWCNT based transistor fabrication 
using dispersions with residual m-SWCNTs[22]. Besides, the alignment of s-SWCNTs, 
especially for small diameter ones, along the electric field lines is also weak as compared to  
m-SWCNTs because of their weak torque. These effects hinder the reproducibility of 
integrating s-SWCNTs into single-tube or thin film devices.  
This Chapter introduces a method to enhance the excess polarizability by irradiating the 
dispersed s-SWCNTs in the presence of an AC electric field and thereby improving the DEP 
deposition of s-SWCNTs. A laser source was added to the DEP system, and the feasibility of 
preferential deposition of s-SWCNT using such light assisted DEP (L-DEP) was systematically 
studied. Transistors fabricated from s-SWCNT dispersions were characterized with electrical 
measurements and scanning electron microscopy to observe the differences between device 
fabrications involving in either conventional DEP or L-DEP. The results indicated that the L-
DEP improves the deposition of s-SWCNTs, which is helpful for the fabrication of high-purity  
s-SWCNT single-tube or thin film devices. This effect was attributed to a pronounced 
polarizability of the irradiated semiconducting nanotubes, and provided the opportunity to 
comment on the underlying mechanism behind spontaneous and field-driven exciton 
dissociation.  
4.2. Experimental 
A schematic of the L-DEP system is shown in Figure 4.1. The setup comprises of a probe station, 
a microscope with video camera, an AC signal generator, and a laser source to irradiate the 
central electrode structure as indicated. An array consisting of 12 pairs of 50 nm thick electrodes 
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(5 nm Cr / 45 nm Pd) was patterned on a p-doped silicon wafer with an  
800-nm-thick thermal oxide layer using standard electron beam lithography and sputtering (as 
introduced in Chapter 3.6.1). All the electrodes share a common drain electrode 1 µm away, 
which was biased during DEP with respect to the global back gate in order to promote 
simultaneous SWCNT deposition.  
 
Figure 4.1: Schematic of the L-DEP experimental setup[78]. 
Additionally, a fiber-coupled frequency-doubled Nd:YAG diode laser (532 nm, 30 mW) was 
added to irradiate the sample surface during DEP. A collimator in combination with a lens was 
used to focus the fiber-coupled laser into a spot with a diameter of ~200 µm, which is 
comparable to the area of electrode array. This yields an irradiation density on the order of 106 
W/m2. 
(6,5) SWCNTs were chosen for the L-DEP experiment, since their E22 optical transition is close 
to the irradiation wavelength of the laser (as shown in Figure 4.2). The corresponding aqueous 
dispersion was prepared with 3×10-5 wt.% (6,5) nanotubes in 1 wt.% sodium dodecyl sulfate 
(SDS) by size-exclusion chromatography[143], as introduced in Chapter 3.2.1. The nanotube 
concentration was estimated from the absorption spectrum taking into account the E11 peak 
absorption cross-section ( 11 ) of 2.54×10
-17 cm2C-1[203]. The absorption spectrum of the (6,5) 
dispersion is shown in Fig. 4.2. The spectrum displays two dominant optical absorption peaks 
at 986 nm (with intensity of 11A ) and 571 ( 22A ) nm corresponding to the first and second optical 
transition of (6,5) SWCNTs. The purity w  of the (6,5) dispersion has been estimated to be 92 % 
by a standard de-convolution process of the absorption spectrum, assigning spectral weight to 
specific SWCNTs with absorption peak shaped Voigt lines as described in Ref. [204]. Prior to 
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deposition, the dispersion was diluted with double-distilled water by a factor dilutionf  of 1:300 in 
order to adjust the nanotube concentration tubec  to ~0.001 (6,5)-SWCNTs/µm3, based on the 









     (4.1) 
here the index i  denotes the levels of the optical transitions of SWCNTs, ,n mN  is known as the 
linear density of carbon atom along the (n,m) tube axis, given by 2 2, 4 3n m ccN n nm m a  
[205], the propagation path length 1L   cm is derived from the thickness of solutions under the 
absorption measurements.  
 
Figure 4.2: Optical absorption spectrum of the (6,5) SWCNT dispersion used in this work. The dotted 
line marks the 532 nm wavelength of the laser used in the L-DEP experiment[78]. 
AC electric fields were generated between multiple electrode pairs using a function generator 
with a peak to peak voltage of 5 V and frequency of 1 MHz. This yielded a nominal electric 
field strength in the electrode gap in the order of 106 V/m. Further details of DEP depositions, 
SEM observations and electrical characterizations of nanotube transistors have been mentioned 
in Chapter 3. 
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4.3. Results and Discussion 
Figures 4.3 (a) and (b) represented the scanning electron micrographs of the devices prepared 
from (6,5) dispersions by normal DEP and L-DEP, respectively. The images indicate that for 
both cases, the deposition of individual SWCNTs form low-density thin films. Although the 
morphology does not seem to vary much, a slightly enhanced density and alignment for the 
samples prepared by L-DEP was observed. 
 
Figure 4.3: Scanning electron micrographs of the devices prepared by normal DEP (a) and L-DEP (b). 
Scale bar equals 100 nm. Corresponding transfer characteristics, source-drain current  
ISD vs gate voltage VG, prepared by normal DEP (c) and L-DEP (d)[78]. 
This observation coincides with significant differences in the electrical transport as shown in 
Fig. 4.3 (c) and (d). The devices prepared by L-DEP show a systematically higher on/off-ratio 
but a lower on-state current as compared to devices prepared by normal DEP. This can be 
attributed to the increased semiconducting content while decreased metallic content within the 
channel material of devices fabricated by L-DEP. For a statistical evaluation, the transfer 
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characteristics of 32 devices fabricated by normal DEP and 24 devices prepared by L-DEP were 
measured. Figure 4.4 shows the statistical evaluation of the device characteristics by plotting 
the on-state current versus the on/off-ratio. 
It is evident that L-DEP promotes the fabrication of devices with high on/off-ratio but slightly 
low on-state current. The improved transistor characteristics indicates that DEP under 
illumination improves the deposition of (6,5) SWCNTs. This implies that the polarizability of 
(6,5) SWCNT becomes larger due to the absorption of photons. A possible mechanism 
accounting for this effect could be attributed to a spontaneous or field-driven dissociation of 
excitons. 
 
Figure 4.4: Statistical evaluation of devices prepared with illumination (L-DEP) and without 
illumination (DEP). Plotted is the on-state current Ion versus the on/off ratio at  
source-drain voltage of 1V[78]. 
Notably, L-DEP is different from optical trapping and tweezing[206–209] techniques that have 
been used for capturing and manipulating nano/micro-particles in suspensions. Optical trapping 
is DEP at optical frequencies where the light-induced dipole moment interacts in phase with 
the light-induced electric field gradient. Tan et al.[210] reported optical trapping of  
DNA-wrapped s-SWCNTs in the focal point of a laser spot and achieved extraction of  
s-SWCNTs out of a SWCNT mixture, as shown in Figure 4.5(a). The result indicates a stronger 
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response of s-SWCNTs to the light field than m-SWCNTs. However, optical trapping technique, 
as reported, makes use of the imaginary part of particle polarizability, and should be performed 
with lasers of red-detuned waveline approaching the optical resonance of the particle, which is 
inconsistent with the L-DEP where a blue-detuned excitation of 532 nm with respect to the 
second resonance S22 of (6,5) SWCNTs was used.  
The dielectric response of s-SWCNTs has been studied in detail by Fagan et al.[211], as shown 
in the Figure 4.5(b). Indeed the real part of the intrinsic permittivity of a s-SWCNT diverges at 
each optical transition energy, as expected due to the Kramers-Kronig relation to the optical 
absorption peaks. On the other hand, the real part of the permittivity must change sign when 
tuning the laser energy from below to above the transition energy and hence the DEP force has 
to change from attractive to repulsive. Moreover, the change of the real part of the permittivity 
close to the transition energy is well below a factor of ten and therefore rather weak compared 
to the permittivity of m-SWCNTs. This phenomenon is known from molecular systems where 
the so-called excess polarizability is limited by the weak polarizability of excitons. Therefore, 
the permittivity change of SWCNTs during L-DEP fails to explain the increased nanotube 
polarizability, thereby deposition. 
 
Figure 4.5: (a) 514-nm Raman spectra of CNTs employed in optical trapping experiments. The inset 
shows a schematic of the microfluidic chip with two inputs and two outputs (modified from 
Ref. [212]). (b) Intrinsic permittivity of CoMoCat SWCNTs with a number of different 
chiralities evident in the S11 and S22 transitions. Upper (lower) traces denote parallel 
(normal) to the SWCNT symmetry axis. The real (imaginary) part is shown as solid (dotted) 
traces. The inset shows the (6,5) SWCNT response (modified from  
Ref. [211]). 
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Excitons in s-SWCNTs are only weakly polarizable because photoexcited electrons and holes 
are spatially bound to each other on a length scale of a few nanometers. Unlike in bulk 
semiconductors, excitons in s-SWCNTs should not spontaneously dissociate since the exciton 
binding energy is an order of magnitude higher than the thermal energy[213]. Recently, 
Kumamoto et al. have discussed a spontaneous dissociation mechanism based on  
exciton-exciton annihilation (EEA) or Auger ionization (AI), in order to explain a high 
conversion efficiency of photoexcited excitons into free electrons and holes in their 
photocurrent experiment, as shown in Figure 4.6[214]. Bindl et al., have also discussed 
spontaneous exciton dissociation in the context of free carrier generation in s-SWCNT solar 
cells[215]. 
 
Figure 4.6: Excitation power P dependences of nanotube (a) photocurrent (PC) (b) photoluminescence 
(PLE) under different bias voltage V. and the correlations between the bias voltage and (c) 
PC, (d) PLE using different excitation power. Notably, the laser polarization is parallel to 
the nanotube axis. (e) A schematic of the model used to produce the curves as shown in  
(a)–(d). Here 2  denotes the E22 exciton generation rate, 21  represents the exciton fraction 
that relax down to the E11 sublevel, r  stands for the PLE-contributed  
radiative-exciton fraction of E11 transitions, and the PC extracted excitation fraction of 
excitons PC  is bias voltage dependent(f) (modified from Ref. [214]). 
EEA/AI requires the co-existence of two excitons and the probability for bi-exciton generation 
is expected to increase with the photon flux. Bindl et al. however observed a decrease of free 
carrier generation with a low-density photon flux and hence concluded that the spontaneous 
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exciton dissociation might rather occur at defects and/or traps, as displayed in Figure 4.7(a)[215]. 
In Kumamoto et al.’s experiment, the importance of EEA/AI-induced spontaneous exciton 
dissociation is difficult to infer since the free carriers were extracted with an external electric 
field[214]. Such a field can induce exciton dissociation by itself and generates free carriers as 
predicted theoretically (Figure 4.7(b))[77] and confirmed experimentally[216,217]. Thereby the 
field-induced exciton dissociation rate depends on the exciton binding energy and on the field 
strength, and is predicted to be significant above 100 V/µm for a 1 nm diameter s-SWCNT[77]. 
Furthermore exciton dissociation can be induced by optical-phonon scattering at room 
temperature if the exciton binding energy is smaller than the relevant optical phonon energy 
(200 meV) [77]. 
In the L-DEP experiment, the polarizability of s-SWCNTs is enhanced by the absorption of 
photons, which requires the dissociation of excitons. Although the different mechanisms 
responsible for exciton dissociation in this experiment cannot be distinguished, it is very likely 
that the AC electric field is of central importance. The free carrier generation rate was estimated 
under illumination and in the presence of an electric field by comparing these experimental 
conditions to the quantitative photocurrent experiment of Kumamoto et al.[214]  
 
Figure 4.7: (a) Photon fluency dependence of the derived free carrier generation yield   for neat  
s-SWCNT films (red diamonds) (modified from Ref. [215]). (b) Exciton dissociation rate 
0  as a function of field in (13,0) tube with CNTd  1.0 nm (red), (17,0) CNTd  1.4 nm 
(blue), (20,0) CNTd   1.6 nm (green), (16,8) CNTd   1.7 nm (cyan), and (24,8)  
CNTd   2.3 nm (magenta), the solid curves are derived using external electric field included 
Bethe-Salpeter equation (modified from Ref. [77]). 
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For comparable laser power density ( P= 106 W/m2) and electric field strength (106 V/m), and 
taking into account that the absorption cross-section   for (6,5) SWCNTs at 532 nm is 1/10 of 
its value at 986 nm, a nominal current generation I  on the order 100 fA was estimated for  
s-SWCNTs using 






   (4.2) 
with e denoting the electron charge, PC = 0.01 the PC extracted excitation fraction of excitons, 
phE  the laser photon energy. This current leads to an accumulation of electrons and holes at 
the ends of the s-SWCNT and hence generates a dipole moment.  
 
Figure 4.8: Schematics of the mechanism that enhances the polarizability of s-SWCNTs during  
L-DEP: Electric-field induced exciton dissociation (a), and spontaneous dissociation by 
exciton-exciton annihilation (b). The external electric field E (---) and the built-up positive 
(+) and negative charges (-) are indicated[78]. 
A schematic of the mechanism is shown in Fig. 4.8. The characteristic timescale   for dipole 
formation is expected to be on the order of = CNTl   , where   is the carrier saturation velocity, 
and CNTl  is the nanotube length. For  ~ 10
5 m/s from transport measurements[218] and  
CNTl  =1 µm,   is ~10 ps and therefore much smaller than the corresponding time scale of AC 
field frequency (1 µs). Of course the built-up of the dipole is a dynamical and  
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self-limiting process since the accumulated charges are weakening the internal electric field 
that is required to separate the electrons and holes. At this point a quantitative modeling is 
required, which will be addressed in the future. Nevertheless, it can be concluded that under 
illumination and in the presence of an external field an induced dipole moment develops which 
oscillates in phase with the external AC field, resulting in an enhanced polarizability of (6,5) 
SWCNTs. 
Fig. 4.8(b) indicates that L-DEP would be more effective if spontaneous EEA/AI is involved. 
Possibly this mechanism is already in operation. If not, it could be induced by higher photon 
fluxes. Also adjusting the excitation wavelength to the wavelength of maximum light 
absorption should enhance the L-DEP. Both aspects have to be addressed to further optimize 
the L-DEP process. 
4.4. Summary 
The density and alignment of dielectrophoretic deposition of water-dispersed (6,5)  
s-SWCNTs were improved using light-assisted dielectrophoresis technique (L-DEP). These 
improvements were confirmed with SEM observations of CNT depositions based on both 
normal DEP and L-DEP. Transistors fabricated with L-DEP showed systematically higher 
on/off ratios but smaller on-state currents as compared to transistors that were fabricated by 
normal DEP, verifying an increased semiconducting content within the channel materials under 
L-DEP case. The enhanced nanotube deposition was attributed to the polarizability 
improvement of s-SWCNTs during L-DEP, which arose from field-induced exciton 
dissociation. This work demonstrated that the DEP deposition of s-SWCNTs can be improved 
by directly enhancing their polarizability using external illumination. 
 
  
    
65 
Chapter 5: Solvent Effects and Length Mapping  
The work contained in this Chapter can be found in Ref.[79]. 
5.1. Introduction 
As mentioned in Chapter 2, the influence of the solvent’s dielectric properties on the 
dielectrophoretic deposition of carbon nanotubes (CNTs) is significant[79]. Compared to 
aqueous CNT solutions, toluene was verified to be more insulative due to its extremely poor 
ion-concentration[219] and less dielectric polarizable arising from its small molecular dipole 
moment[220]. Thus, one can expect toluene to show a better behavior during the 
dielectrophoresis (DEP) of semiconducting carbon nanotube (s-SWCNT) than water (see  
eq. 2.26 and 2.27). In practice, such a reasonable comparative analysis should be based on a 
nanotube specimen with both diameter and length being well characterized. However, for the 
case of SWCNTs, due to their unique structure-property correlation, the chiral index and hence 
the diameter can directly be derived through spectroscopic methods such as absorption, 
fluorescence or Raman spectroscopy[6]. However, the length of a carbon nanotube has little 
influence on its optical properties and therefore a direct length-dependent spectroscopic method 
for CNTs with length, as reported[221,222], beyond 100 nm is not available.  
Methods that were proven to be accurate in gauging nano-scale and micro-scale dimensions 
such as Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and 
Atomic Force Microscopy (AFM) were employed to measure the length of a nanotube or the 
length distribution of a nanotube ensemble. Among them, AFM method has particularly 
evolved to a standard  approach for measuring nanotube length distributions[223,224]. However, 
it requires specific substrates, additional preparation steps and also reports uncertainties due to 
nanotube bundling on surfaces or selective adsorption. Therefore, the search for new SWCNT 
length measurement methods is ongoing, especially in the field of SWCNT liquid phase sorting, 
where a fast and practical in-situ length characterization would be extremely beneficial.  
In recent years, a range of in-situ methods to measure the CNT length have been explored such 
as dynamic light scattering[225–228], electrospray differential mobility analysis[229], diffusional 
trajectory[230], shear-aligned photoluminescence anisotropy[231], and Analytical 
Ultracentrifugation[232]. The most advanced in-situ measurement of the length distribution of 
dispersed SWNCTs has been reported by Weisman et al. who introduced length analysis 
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through nanotube diffusion method (LAND)[230]. This technique yields length distributions very 
similar to the comparative ex-situ AFM method, but unfortunately it requires a dedicated 
fluorescence microscopy setup that is not available to all researchers in the field. Therefore, an 
in-situ method based on standard easily implementable equipment has yet to be reported. 
In this Chapter, a rather simple method based on electric-field induced differential absorption 
spectroscopy (EFIDAS), which allows determining directly the length of SWCNTs in 
dispersions and provides chiral-index-resolution as an added value, is presented. Using low-k 
toluene instead of water, it is possible to resolve the field alignment of individually dispersed 
nanotubes, which comes from the pronounced CNT polarizability. Furthermore, since the used 
dispersions with only a small number of different SWCNT chiral indices, it becomes possible 
to resolve the chiral index dependent average length of CNTs. Moreover, a strategy to derive 
the chirality-resolved length distribution using the EFIDAS is also given.  
5.2. Experimental 
1. SWCNT dispersion  
Dispersions of s-SWCNTs in toluene were prepared from pulsed laser vaporization (PLV) 
SWCNTs[127] using the polymer Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PODOF). The 
PODOF wrapped s-SWCNTs in toluene were then further length fractionated with a gel 
permeation chromatography (GPC) system[128] (as described in Chapter 3.2.2). The resulting 
dispersions contained (10, 8), (10, 9), (11, 7), (11, 9), (11, 10) and (12, 8) SWCNTs as shown 
in the Figure 5.1(a, c, d). For comparison, a  dispersion enriched in (8, 6) SWCNTs (Figure 
5.1(b)) in water was also prepared from high pressure carbon monoxide (HiPco) SWCNTs 
(NanoIntegris) using the surfactant sodium dodecyl sulfate (SDS) and size exclusion 
chromatography (SEC) [143] as described in Chapter 3.2.1. 
2. Spectroscopy 
EFIDAS measurements were performed in a setup (Figure 5.2) comprising of a fiber-coupled 
Ocean Optics HR4000 High-Resolution Spectrometer, a fiber-coupled Mikropack  
DH-2000-BAL UV-VIS-NIR light source, Ocean Optics collimating lenses, Thorlabs 
LPVIS050 linear polarizers and a Hellma 114-QS Quartz cuvette with 12.5mm × 12.5mm outer 
dimensions and 4mm × 10mm inner dimensions. The cuvette was loaded with its long axis 
parallel to the light beam, yielding an optical path length of 10mm. Copper electrodes were then 
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attached from the outside to the cuvette, parallel to the beam axis and biased with a Tesla 
generator dismantled from a commercial, low-value plasma ball. The generator has been 
characterized with a Testec TT HVP 15HF high-voltage probe. It produces a 20 kHz signal with 
Vrms = 2380 V when connected to the electrodes of a toluene filled cuvette. This voltage 
translates into an electric field of rmsE = 2.5 kV/cm in toluene using the expression for a 














  (5.1) 
 
Figure 5.1: Absorption spectra of PODOF-wrapped semiconducting SWCNTs in toluene (a) and (8,6) 
dispersed in SDS/water (b). The data has been measured with a complementary setup that 
extends the range of the EFIDAS setup towards the near infrared. (c) Zoom-in to the S22 
region that is relevant for the EFIDAS measurements. The absorption data has been  
de-convoluted into individual (n,m) contribution using Lorentzian fit functions after 
subtracting a linear background. The dashed line is the cumulative of the individual 
contributions and fits very well to the data. (d) (n m) assignment of the individual peaks 
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based on reference data from SWCNTs in aqueous surfactant medium[233]. Differences in 
the peak positions are due to the different solvents (toluene versus water)[79]. 
with the thickness of the two quartz glass walls 
glasst = 4.25 mm, the thickness of the toluene 
layer toluenet  = 4 mm, the dielectric constant of quartz glass glass = 3.75 and the dielectric 
constant of toluene toluene = 2.38
[219] (see Appendix A). 
 
Figure 5.2: Schematic of the electric-field induced differential absorption spectroscopy setup. The 
linear polarizers are horizontally aligned indicated by red arrows and parallel to the 
direction of the electric field generated across the cuvette[79]. 
For calculations (as referred to the P5-1) of the electric field in water ( water = 81), the ionic 
conductance has been taken into account ( = 0.1 S/m for 1 wt-% SDS) yielding a frequency 
dependence of the field amplitude as shown in Figure 5.3. In the EFIDAS setup both polarizers 
were aligned parallel to the electric field axis. The spectral range of the setup was 
300 - 1000 nm.  
In addition, range-extended absorption spectra of CNT suspensions (Figure 5.1(a)) were 
measured with a Varian Cary 500 spectrometer (as described in Chapter 3.3.1) without electric 
fields. Photoluminescence excitation maps (Figure 5.4) were employed for the analysis of CNT 
chiralities in fractions using the way described in Chapter 3.3.3[202]. 
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Figure 5.3: Electric field rmsE versus field frequency  in toluene and in water with 1 wt-% SDS. The 
voltage amplitude applied to the cuvette is Vrms = 2380 V in both cases[79]. Calculation 
detials can be referred to the Matlab program P5-1 in the attached CD. 
 
Figure 5.4: Photoluminescence excitation maps of PODOF-wrapped semiconducting SWCNTs in 
toluene. (a) fraction 1, (b) fraction 2. CNT species with emission line above 1650 nm are 
not detectable due to the strong absorption of toluene between 1650-1700 nm[79]. 
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5.3. Results and Discussion 
Excluding the inconvenience in obtaining same CNT materials but suspended in different 
solvents, in order to discuss solvent effects on nanotube polarizability, it is a good option to 
spectroscopically analyze the alignment of CNTs dispersed in different solvents when external 
electric fields are applied on. This strategy makes use of the nanotube torque arising from the 
rotating dipole moment of the SWCNT as placed in electric fields. The electric-field induced 
alignment of SWCNTs in dispersion has been reported in the literatures of  
Ref. [234–236]. However, previous reports in aqueous media could only resolve alignment of 
SWCNT bundles and not well dispersed individual SWCNTs. 
The derivation of the electric-field induced differential absorption (EFIDAS) by considering 
the optical absorption of carbon nanotubes in between two parallel linear polarizers 












     (5.2) 
where i  denotes the different (n, m) SWCNT species in solution with absorption coefficient 
i  and counting number iN . 3DS  stands for the three-dimensional nematic order parameter
[238], 
which has a lower-limit of 3 0DS   for a completely disordered phase, 3 0DS   for a weakly 
ordered phase and an upper-limit of 3 1DS   corresponding to a perfectly ordered phase, as 
described in Chapter 2.4.3. For SWCNTs with diameter CNTd and length CNTl  exposed to a 
homogeneous electric field E

 with angular frequency , the nematic order parameter can be 
expressed as 3 3 ( , , , , , )D D CNT CNT CNTS S E l d  
  

, with the complex dielectric functions CNT
  
and    of the nanotubes and the solvent medium, respectively. 
3DS  is a direct measure of the orientation of SWCNTs under an external electric field, provided 
that the absorption coefficient i  in equation (5.2) is constant under the applied electric field. 
In this Chapter, this assumption is valid when considering the electro-absorption experiments 
of surface-pinned SWCNTs carried out by Izard et al.[239,240]. It has been reported by them that 
upon applying an electric field of 12.5 kV/cm, the changes of i  are on the order of 10
-4, 
whereas in this study with dispersed SWCNTs changes in 
||A  are observed in the order of 10
-1 
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at an electric field of 2.5 kV/cm. Thus 
||A  is predominantly determined by the orientation of 
SWCNTs as reflected by 3DS . The electric-field induced differential absorption A  is then 
simply the relative difference of the optical absorption with and without an electric field.  Since 
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D i ROTS f U d          (5.4) 
The bar indicates that the mean value,  is measured between the long-axis of the nanotube and 
the electric field direction, which is also the polarization direction of the incident light in this 
experiment, and here  is the solid angle. ROTU  is the rotational energy of the SWCNT in the 
electric field and ( , , )ROTf U T is the Boltzmann distribution function. ROTU  is calculated on 
the basis of the polarizability of SWCNTs in solution as described in detail by  
Blatt et al.[169]. T is the temperature and is set to 300K. On this basis 3DS  and A  can be 
calculated as a function of E

,  , CNTl , CNTd , CNT
 , l
 . Here   can be written as 
i      , with 02.38  and 
111.0 10 /S m    for toluene
[219] (see Appendix A). 
For SWCNTs, 2 20( ) 33.8 3.28CNT CNTd nm d    deduced from first-principles calculations 
reported by Marzari et al.[155], yielding values between 35.4ε0 and 36.3ε0 for the SWCNTs 
under consideration. From previous dielectrophoresis experiments CNT  is on the order of 
0.1 /S m [80,169]. It should be emphasized that the simulation contains no additional free 
parameters. 
In order to derive the differential absorption A [237], the CNT rotational energy UROT dependent 
Boltzmann function ( , , )ROTf U T  (as shown in eq. (5.3) and (5.4)) should be derived. This 
function can be expressed as the eq. 2.34[169], with ( )f d   standing for the probability of 
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having CNT orientation (with respect to the predicted electric field) within the unit radian angle 
of d  in the spherical coordinate (as shown in Figure 5.5).  
 
Figure 5.5: Cartesian and spherical coordinates for the EFIDA spectroscopy-based model of SWCNTs, 
the direction of polarized light is parallel to the electric field[79]. 
Figure 5.6 shows the dependence of differential absorption of semiconducting SWCNTs in 
toluene on the nanotube length and diameter when exposed to an electric field E = 2.5 kV/cm 
at a frequency ν = 2   20 kHz. For SWCNTs with length up to 1.5 µm and diameter between 
1-1.5 nm, A  can reach values of unity and therefore is experimentally verifiable. A perfect 
alignment would correspond to 2A  . However, this value cannot be reached due to 
depolarization effects, which is more pronounced for smaller diameter SWCNTs and will be 
discussed below. The sensitivity of A  to a certain nanotube length range can be tuned by 
varying E , as shown in Figure 5.7. 
For measuring A , the set-up shown in Figure 5.2 was used. The core is a cuvette with external 
electrodes driven by a signal generator to generate an electric field that is perpendicular to the 
light path and parallel to the horizontal alignment of the two linear polarizers. Light from a 
halogen lamp is guided through the polarizers and cuvette, and detected by a silicon  
charge-coupled device (CCD) based spectrometer. Each measurement of A  comprises a 
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zero-field measurement and a field measurement. The signal generator supplies a 20 kHz signal 
with a voltage amplitude of 2380 V, resulting in an electric field strength of 2.5 kV/cm in 
toluene. Such field strength has also been used for the simulation in Figure 5.6 as mentioned 
above.  
 
Figure 5.6: Simulation of differential absorption ΔA as a function of SWCNT diameter CNTd  and length 
CNTl  for s-SWCNTs dispersed in toluene. The electric field and frequency was set to rmsE
= 2.5 kV/cm and ν = 20 kHz[79]. Calculation detials can be referred to the Matlab program 
P5-2. 
The used dispersions consists of polymer-wrapped SWCNTs in toluene containing primarily 
(9, 8), (10, 8), (10, 9), (11, 7), (11, 9), (11, 10) and (12, 8) SWCNTs detectable by the EFIDAS 
setup via their S22 transitions. This is confirmed with absorption (Figure 5.1) and 
photoluminescence spectroscopy (as shown in Figure 5.4. (11, 9), (11, 10) and (12, 8) SWCNTs 
are absent because their S11 transitions are within the optical range of strong absorption of 
toluene as introduced in Appendix B).  
EFIDAS with 4 fractions that were length sorted as described in Ref. [128] were measured in 
this study. For reference their length distribution was characterized using atomic force 
microscopy (AFM). Fitting the measured length distribution to a Gaussian and lognormal 
distribution function (as shown in Figure 5.8), the Gaussian mean value and lognormal peak 
values of the fractions were determined for fraction 1 to 790±18 nm and 720±27 nm, for 
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fraction 2 to 543±19 nm and 465±24 nm, for fraction 3 to 564±19 nm and 480±39 nm, and for 
fraction 4 to 390±18 nm and 345±20 nm, respectively. Hence it was noted that the average 
length of SWCNTs decreases from fraction 1 to fraction 4, which is a consequence of the longer 
retention time of shorter nanotubes in the column[241]. 
 
Figure 5.7: Differential absorption A as a function of electric field strength field E and nanotube 
length CNTl . Simulations were done for semiconducting SWCNTs with diameter 
CNTd  = 1.30 nm, dispersed in toluene. The field frequency was set to  = 20 kHz
[79]. 
Calculation detials can be referred to the program P5-2. 
The EFIDAS setup allows measuring A  associated with the second optical transitions S22 of 
the dispersions. Figure 5.8 shows the differential absorption spectra A derived from the 
absorption spectra with and without applied electric field for the fractions 1-4 in (a, c, e, g), 
next to the corresponding length distributions determined by AFM in (b, d, f, h). Firstly, as 
shown, the overall minimum and maximum of A  is 0.1 and 0.75, respectively, and hence 
within the range of the simulation. Secondly, the observed A  scales systematically with the 
SWCNTs average length, with the highest value measured for fraction 1 and the lowest for 
fraction 4. This observation shows that EFIDAS is sensitive to the length of SWCNTs in 
dispersion and shows qualitatively a dependence that is consistent with the simulations shown 
previously. Lastly, the derived A  is wavelength dependent, with the maxima and minima 
correlating to structures in the absorption spectra.  
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Figure 5.8: Differential absorption spectra A  and absorption spectra 
||A  of semiconducting SWCNTs 
in toluene, measured at zero field and at rmsE = 2.5 kV/cm and ν = 20 kHz. The data is 
shown for fractions 1-4 (a, c, e, g) together with AFM length measurements (b, d, f, h)[79]. 
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Figure 5.9(a) shows for fraction 1 an assignment of the peaks in A  to the SWCNT chiral index 
based on reference absorption and photoluminescence spectra shown in the Figures 5.1 and 5.4. 
Since the concentration effects drop out in EFIDAS, the modulations in A  can be traced back 
to a chiral-index dependent degree of alignment. Interestingly the modulations in A  are also 
present in the shorter SWCNT fractions 2-4, where, according to Figure 5.6, A  is no longer 
sensitively dependent on the SWCNT chiral index or diameter. Hence a still observable 
modulation of A   must reflect a heterogeneous length distribution across the chiral index 
specific SWCNT subpopulations in the different fractions. 
 
Figure 5.9: Length determination with EFIDAS. (a) Differential absorption spectra A  measured for 
fractions 1-4 with indicated (n, m)-specific contributions. (b) (n, m)-specific calculations of 
A  versus nanotube length CNTl . Ranges of A are converted into ranges of CNTl  as 
indicated by bars and arrows. The results are compared to fitted AFM mean and peak length 
values for the fractions shown in (c)[79]. 
Now, the length of SWCNTs CNTl  in the dispersion can be extracted from the differential 
absorption spectra A . Figure 5.9(a) shows A  for fractions 1-4. Ranges of A  are indicated 
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for each fraction by vertical bars. The experimental A  values can be converted into CNTl  by 
using the simulation-derived correlation between A  and CNTl  as shown in Figure 5.9(b). The 
values of CNTl  measured by EFIDAS are on the same order of magnitude as the AFM mean 
length and also follows a similar trend, where higher fraction numbers have on average shorter 
SWCNTs (Figure 5.9(c)). As shown, for all fractions the EFIDAS derived values fit very well 
to the AFM mean length.   
The agreement between the two methods is noteworthy, in particular since EFIDAS is based 
only on the dielectric functions of the SWCNTs and the solvent, and hence without free 
parameters. Critical to the methods quantitative applicability is certainly the correlation 
between A  and CNTl . It is interesting to see that the calculated curves in Figure 5.9(b) do not 
fall on top of each other. This is due to small variations in CNT  and CNTd  for the chiralities of 
interest.  
 
Figure 5.10: Differential absorption A as a function of nanotube conductivity CNT  and nanotube 
length CNTl  for (10, 8) SWCNTs dispersed in toluene. The electric field and frequency 
was set to rmsE = 2.5 kV/cm and ν = 20 kHz
[79]. Calculation detials can be referred to the 
Matlab program P5-2 in the attached CD. 
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The influence of CNT is shown in Figure 5.10. For the simulation of Figure 5.9(b) and 
Figure 5.6, 0.12 /CNT S m  was used, which is a value that provides the best fit to the AFM 
data and also happens to be comparable to that obtained from the earlier dielectrophoresis 
experiments with SWCNTs in aqueous medium[169]. Previously, the non-zero value of CNT has 
been attributed to surface-induced conductivity mediated by ions in the aqueous double layer. 
For polymer-wrapped un-doped SWCNTs in toluene, CNT would be expected to be negligibly 
small. However simulations in Figure 5.10 show that for 0.1 /CNT S m   for which the 
maximum value for A does not exceed 0.6. This is in contradiction with the experimental 
observations of (10,8) SWCNTs, yielding  a peak value of 0.63 from fraction 1. On the other 
hand a significantly larger value would shift the curve towards shorter CNTl  and lead to an 
underestimation of the true length when benchmarked with the AFM measurements. Since 
surface-induced conductivity mediated by ions can be excluded in this work, CNT  must be 
related to intrinsic free charge carriers present in the SWCNTs.  
The estimation of CNT  in toluene case can be given by considering 4 conduction channels that 
are thermally activated by exp( 2 )kT . With a transport gap of Δ = 1 eV[242] and 
kT = 0.025eV, this would correspond to a thermally activated resistance of R ≈ 3·1012 Ω. 
Assuming 1CNTl m and 1CNTd nm , R can then formally be converted into 
24 CNT CNTl Rd  ≈ 0.4 S/m, yielding the right order of magnitude. This oversimplified 
approach should be further developed including the influence of doping. However this would 
be beyond the scope of this study. 
Based on the differential absorption for different (n,m) species extracted from Figure 5.9(a), 
the length of chiral index subpopulations encoded in the EFIDAS data can be derived. The 
( , )A n m values are converted into ( , )CNTl n m  and plotted against the fraction number as shown 
in Figure 5.11. The graph shows that overall the SWCNT length decreases with fraction 
number. Interestingly, the (n,m) length order, according to EFIDAS, is changing from  
fraction 1 to fraction 2, which would mean that the elution time in GPC-based sorting not only 
depends on the SWCNT length but also on the chiral index. Whether the EFIDAS results are 
significant or whether the measurement error is underestimated remains currently unresolved. 
Unfortunately, this result cannot be confirmed by AFM measurements since AFM is not 
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sensitive to the chiral index, but the data indicates the potential of EFIDAS for 
chirality-resolved length measurements in solution. 
 
Figure 5.11: Chirality-resolved mean length determined by EFIDAS for SEC-sorting fractions 1-4[79]. 
The dependence of EFIDAS on the electric field frequency is essential to understand the 
non-monotonic length dependence of A  for small diameter nanotubes in Figure 5.6. As 
explained before, A  is calculated from the rotational energy ROTU  using equations 5.3 and 
5.4. ROTU  is defined as the integral over the time-averaged torque T  imposed on the 
SWCNTs in the oscillating field (eq. 5.5), whereas T  is proportional to the difference of the 
real parts of the longitudinal and transverse Clausius-Mossotti factors 
||CM  and CM  , 
respectively (eq. 5.6). The Clausius-Mossotti factors contain the frequency-dependent 
dielectric functions of the CNT and the solvent (eq. 5.7): 
 
ROT CNT
U T d    (5.5) 
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||L  and L  are the longitudinal and transverse depolarization factors, respectively, with L= 1/2 
and  2 2|| ln(2 ) 1CNT CNT CNT CNTL d l l d   [80,168]. The expressions can be simplified for 
semiconducting SWCNTs since ||
CNT CNT
CNT     and ||
CNT CNT
CNT    , as outlined by 
Blatt et al.[169]  
 
Figure 5.12: Simulation of (a) the ratio of the real part of the transverse and longitudinal Clausius-
Mossotti factors Re{CM||} / Re{CM} as a function of field frequency  and nanotube 





versus nanotube length CNTl  and nanotube diameter CNTd . Simulations were done for 
semiconducting SWCNTs dispersed in toluene. In (a) CNTd = 1.30 nm and 
rmsE = 2.5 kV/cm, and the horizontal dashed line indicates the field frequency used for the 
EFIDAS measurements[79]. Calculation detials can be referred to the Matlab program  
P5-3 in the attached CD. 
Figure 5.12(a) shows that 
||Re{ }CM  >> Re{ }CM  throughout the simulation space. Hence the 
frequency dependence of ROTU  and thus of A  is entirely determined by ||Re{ }CM . 
Figure 5.13(a) shows the plots of 
||Re{ }CM  as a function of field frequency and SWCNT length 
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for CNTd  = 1.30 nm. The data shows that ||Re{ }CM > 10
3 for  < 105Hz. Therefore, A  reaches 
sizable values only for  < 105 Hz as shown in Figure 5.13(b). The experimental frequency 
 = 20 kHz is hence a good choice for EFIDAS based length measurements of semiconducting 
SWCNTs in toluene, although larger A  values are expected for lower frequencies as shown 
in Figure 5.13(b). A practical measure for selecting an appropriate field frequency is the 
so-called Maxwell-Wagner relaxation time MW, which accounts for the characteristic time 
scale of charge accumulation at the interface of two materials. For SWCNTs modelled as 
prolate ellipsoids[157,168,169], the relevant longitudinal Maxwell-Wagner relaxation ||MW  is given 
by 
||
|| || || ||(1 ) (1 )MW CNT l CNT lL L L L         . The corresponding Maxwell-Wagner 




decreases with the SWCNT length and increases with the 
SWCNT diameter, as shown in Figure 5.12(b), and can be traced back to the diameter and 





 . Also the non-monotonic length dependence of A  for small diameter 






||Re{ }CM . 
 
Figure 5.13: Simulations of (a) the real part of the longitudinal Clausius-Mossotti factor Re{CM||} and 
(b) the differential absorption A , as a function of field frequency  and nanotube length 
CNTl . Simulations were done for semiconducting SWCNTs with diameter CNTd  = 1.30 nm, 
dispersed in toluene and exposed to an electric field rmsE = 2.5 kV/cm. The horizontal 
dashed line in (a) indicates the field frequency used for the EFIDAS measurements[79]. 
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Calculation detials can be referred to the Matlab programs of P5-2 and P5-3 as presented 
in the attached CD. 
 
Figure 5.14: EFIDAS with semiconducting SWCNTs in aqueous surfactant solution. (a) Simulation of 
differential absorption A  as a function of field frequency  and nanotube length CNTl , for 
SWCNTs in 1-wt%-SDS in water. The horizontal dashed line indicates the field frequency 
used in the experiment. (b) Measurements of differential absorption spectra A  and 
absorption spectra 
||A  at zero field and at rmsE = 1.2·10
-4 kV/cm and ν = 20 kHz. The 
electric field in water is reduced by 4 orders of magnitude and A  by at least 
10 orders of magnitude as compared to toluene[79]. Calculation detials can be referred to 
the Matlab programs P5-2 and P5-3 in the attached CD. 
A limitation of EFIDAS is that the method does not work for semiconducting SWCNTs in 
aqueous surfactant solution. This is because the conductivity of water with 1 wt-% SDS is 
water  = 0.1 S/m, and 10 orders of magnitude larger compared to toluene. This large 
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conductivity of the solution in combination with the dielectric constant of water ( water = 81 0
) yields for the same applied voltage amplitude of Vrms = 2380 V an electric field of only rmsE
= 1.2·10-4 kV/cm at ν = 20 kHz, which is 4 orders of magnitude lower than in toluene.  On the 
other hand, the CM|| of the SWCNTs dispersed in this aqueous surfactant solution, as shown in 
Figure 5.14(a), is in the order of 100, which is about 4 order magnitude smaller than that of 
toluene at ν = 20 kHz. This means that the polarizability of SWCNTs is much suppressed in the 
water case than toluene.  
 
Figure 5.15: Strategy to determine (n,m)-specific length distribution of SWCNTs in dispersion with 
EFIDAS. (a) Simulation of the differential absorption ΔA as a function of SWCNT length 
CNTl  and electric field rmsE , for CNTd  = 1.30 nm and ν = 20 kHz. (b) Log-normal model 
length distribution (solid line) compared to the length distribution (open symbol) 
reconstructed from (c) as described in the text. (c) Differential absorption versus electric 
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field rmsE  for the log-normal model length distribution shown in (b)
[79]. Calculation 
detials can be referred to the Matlab program P5-4 in the attached CD. 
As a consequence of the very low field amplitude and polarizability, A  is more than 10 orders 
of magnitude smaller compared to toluene, and hence not detectable as calculated in Figure 
5.14(b) using || 0.35 /
CNT CNT S m   [80,169]. The corresponding experimental data is shown in 
Figure 5.14(c) for (8, 6) SWCNTs in 1 wt-% SDS in water, from which no significant values 
for A  could be measured. Since rmsE  in water increases with  as shown in Figure 5.3, the 
dependence of A  on field frequency and SWCNT length for semiconducting SWCNTs in 
aqueous surfactant solution was simulated. The results are shown in Figure 5.14(b) and 
demonstrate that even at  = 107 Hz, where rmsE  in water reaches 5.3·10
-2 kV/cm, A  is on the 
order of 10-6 and therefore still too small to measure.  
Finally, the evaluation of the potential of EFIDAS not only determines the chiral-index resolved 
mean length of a dispersion but also the (n,m)-specific length distribution 
, ( )n m CNTg l . This 
requires measurement of 
,n mA  as a function of the electric field E. ,n mA  is given by 
, , ,( ) ( ) ( , )n m rms n m CNT n m CNT rms CNTA E g l f l E dl   , with , ,( , ) ( , )n m CNT rms n m CNT rmsf l E A l E   being 
the field rmsE  and length CNTl  dependent (n,m)-specific differential absorption. The function 
,n mf  is a result of the modelling as shown in Figure 5.15(a) and effectively maps the length 
distribution onto the field dependence.  
For demonstration purposes, a log-normal model length distribution is used for 
, ( )n m CNTg l  as 
shown in Figure 5.15(b) and the calculated 
, ( )n m rmsA E  is shown in Figure 5.15(c). The length 
distribution is encoded in , ( )n m rmsA E  and can be extracted as follows. Firstly, the above 
integral in vector notation A F g  
 
 with the vectors , ( )n m rmsA A E 

 and 
, ( )n m CNTg g l

, 
and the matrix ( , )CNT rmsF f l E  is rewritten. Then the inverse matrix 
1F   can be numerically 
calculated, which finally allows to reconstruct the length distribution via 1g F A  

. The 
result is shown in Figure 5.15(b) and demonstrates that the model length distribution has indeed 
been nicely reconstructed by the outlined procedure. Notably, the accuracy of the approach is 
only limited by the size of F and the computational power required for calculating 1F  . 
However, 1F   itself is not a limiting factor. It has to be calculated only once for each (n,m) 
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SWCNT and can be further used as a look-up table. Hence it is convincing that EFIDAS can 
determine also the (n,m)-specific length distributions of SWCNTs in solution by measuring the 
electric-field dependent differential absorption spectrum. 
5.4. Summary 
The effects of solvents on the DEP of CNTs were studied using two types of media, toluene 
and water. Toluene demonstrated to be more efficient in enhancing the s-SWCNT polarizability 
compared to water. This was due to the former poor dielectric properties arising from its non-
polar molecule and low ion-concentration. In order to achieve an experimental observation of 
this comparison, a CNT alignment experiment was conducted, known as the electric-field 
induced differential absorption spectroscopy (EFIDAS). It turned to be a fast, in-situ, simple 
and cost-effective method to measure the average length of SWCNTs as dispersed in  
low-conductance solvents, such as toluene. The EFIDAS results were consistent with ex-situ 
atomic force microscopy (AFM) data obtained for the same suspension fractions. This verified 
that the electric-field alignment of the nanotubes could be modeled on the basis of the dielectric 
properties of SWCNTs and toluene without free parameters. However, the method could not be 
applied to SWCNTs as dispersed in aqueous surfactant solution due to the high conductivity 
and permittivity of such solvent in which these properties screen and reduce the EFIDAS signal 
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Chapter 6: Principles of SWCNT DEPs  
6.1. Introduction 
Reports of single-walled carbon nanotubes (SWCNTs) dielectrophoresis (DEP) so far mainly 
focuses on deposition of metallic (m-) SWCNTs rather than semiconducting (s-) ones, as the 
dielectric properties of m-SWCNTs are larger. Methods to improve DEP deposition of  
s-SWCNTs include enhancing the s-SWCNT polarizability using light-assisted 
dielectrophoresis (as discussed in Chapter 4)[78] and low-frequency dielectrophoresis based on 
low-k solvents (Chapter 5)[14,16]. However, even with these achievements, the packing density 
of SWCNTs by DEP is still below 50 tubes/µm[64,128], which is much lower than the commercial 
expectation of 125 tubes/µm to fulfill application requirements, as stated by IBM[243]. 
Understanding of the physics behind SWCNT-DEPs may be the key to realize the high  
packing-density and alignment deposition of s-SWCNTs by DEP.   
In this Chapter, the physics of SWCNT-DEP is discussed systematically. Both  
surfactant-aqueous and polymer-toluene based SWCNT-DEPs are numerically analyzed to 
reveal the influence of medium on the depositions of s-SWCNTs with respect to different DEP 
biases. The toluene-based direct current DEPs (DC-DEPs) has been demonstrated as the most 
promising approach for high-quality s-SWCNT deposition. Furthermore, a possible method has 
been introduced to reverse the priority of depositing m-SWCNTs over s-SWCNTs by DEP.  
6.2. DEP Circuit 
1. Interface  
Electric field distribution in a liquid can be calculated by Laplace equation as described in 
Chapter 2.4.4. However, it is only valid for regions remote from the interfaces. For liquids that 
contact with materials of different permittivity, the Laplace equation has to be modified by 
extending the simulation space beyond the liquid region using ( ) 0    . 
In terms of CNT DEPs, highly conducting materials, such as metals, can be modeled as regions 
with infinitely high permittivity, or as surfaces with a fixed potential (Dirichlet boundary 
condition)[244]. Ionic conductors under external bias are more difficult to be modeled because 
of the charge accumulation at liquid-metal interface, which gives rise to the formation of an 
electrical double layer (EDL, as shown in Figure 2.15) as mentioned in Chapter 2.4.4. Generally, 
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the screening length in a liquid is given by /De DLD      where De ,  ,  , D  and DL  
are the Debye length, solvent conductivity, solvent permittivity, diffusion coefficient and 
thickness of EDL, respectivily. It is several orders of magnitude larger than that in a metal 
because of the low conductivity   and low diffusivity D  of ions. Obviously, the capacitance 
of the EDL DLC  is dominated by the properties of the liquid. The impedance of the EDL can 
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Normally, the equivalent circuit for a liquid excluding double-layer would be a capacitance and 









  (6.3) 
Firstly, when the screening length De  is much smaller than the gap scale L  between DEP 
electrodes, the impedance of the system then adds up to DL LZ Z Z   as shown in the Figure 
6.1(a). 
The voltage φ that drops across the double layer is given by 









  (6.4) 
Since De DL L   , one can model the field distribution in the liquid under external bias 0  
by solving 0   , with the electrode potential set to ( 0  ): The double-layer is treated 
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Secondly, in the case where the screening length De  is much larger than the distance L  
between electrodes, the potential drop over the distance L  within the double-layer is negligible 
and the total impedance of the system is LZ Z  as shown in the Figure 6.1(b). Consequently, 
the field distribution in the liquid under external bias 0  is described by 0   , with the 
electrode potential set to 0  : The double-layer has no influence on the internal electric field or 
on the field distribution.  
 
Figure 6.1: Schematics of equivalent impedance circuits of liquids with electrical double layer when (a) 
DL L   and (b) DL L  . 
2. Frequency Dependence 
When DL L  , the impedance of the circuit DL LZ Z Z   is complex and therefore frequency 
dependent. For the generation of electric fields in liquids, typically low, medium and high field 
frequency ranges in the impedance have to be considered. Here two critical frequencies 1C  
and 2C  (with 1 2C C  ) are defined to account for two transitions in the impedance spectrum 
(introduced in the below) separating these ranges. 
For 10 C   , the impedance of the system is dominated by the double layer DLZ Z . The 
external voltage drops predominantly across the double layer, leaving the liquid quasi field free. 
Thus in this low-frequency range, the double-layer capacitance dominates the total impedance 
resulting in 
1Z  .  
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For 1 2C C    , the impedance is dominated by the resistive part of LZ . Hence Z  becomes 
independent from the frequency in this medium-frequency range, and the external voltage drops 
mainly across the liquid. 
For 2C  , the impedance is dominated by the capacitive component of LZ  and again 
1Z  . As in the high-frequency range, the external potential drops across the liquid. 
 
Figure 6.2: (a) Typical equivalent circuit diagram of liquids with the double-layer capacitance CDL and 
the liquid layer capacitance CL and resistance RL when DL L  . “ca” stands for the used 
cable of DEP circuits. (b) Impedance spectroscopy of the circuit. (c) The potential drop 
VL across the liquid, VDL across the double-layer, VL+DL across the liquid and the double 
layer with their corresponding phase spectra (d). Parameters are taken from the analysis 
of corresponding impedance spectra described in Chapter 6.2.2. Simulation detials can be 
referred to the program MADE1 in the attached CD. 
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An equivalent circuit diagram of a typical water-based DEP performed in author’s lab for the 
DL L   case is shown in Figure 6.2(a). The magnitude and phase of the corresponding 
impedance spectrum together with the potential difference across the liquid with and without 
the double-layer are simulated using the commercial Multisim Analog Devices Edition 10.0, 
and also shown in Figure 6.2. 
Table 6-1: Comparisons of bias   across liquid to the applied bias 0  with respect to different DL  and 
L . 
DL  vs L  1C   1 2C C     2C   
DL L   0   0   0   
DL L   0   0   0   
DL L   0   0   0   
Hence whether the applied potential 0  drops primarily across the liquid and/or across the 
double layer depends on the frequency   and the screening length De in relation to the system 
length L . This is schematically shown in table 6-1. For De DL L   , all frequency will be 
suitable for maximum internal field generation (equivalent circuit model of toluene-based DEPs 
shown in Figure 6.3), whereas for DL L  , 1C   is required. 
6.2.1 Electrical Double Layer 
The screening length De DL   together with the electrode distance L  determine the suitable 
frequency range for maximum internal field generations. Therefore, estimating the thickness of 
the double layer is crucial. 
The formation of a Helmholtz electrical double layer stems from competition between 
electrostatic interactions and Brownian motion as described by Gouy and Chapman et.al.[157]. 
A common representation of the EDL goes back to Stern with an inner layer (called the compact 
layer), which is in contact with electrodes. And the ions are absorbed on to the electrode 
surfaces due to high electrostatic interactions. Outside the compact layer, there is a diffuse 
double layer in which the potential drops exponentially with distance. The potential at the 
interface, known as slip plane as shown in Figure 2.15, between the compact and the diffuse 
layer is called zeta potential  . 
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The potential distribution in the diffusive layer can be described with the non-linear  
Poisson-Boltzmann (PB) equation 
 ( ) exp(- / )i i i B
i
z ec z e k T        (6.5) 
 
Figure 6.3: (a) Equivalent circuit diagram with the liquid layer capacitance CL and resistance RL when 
DL L  . “ca” stands for the used cable of DEP circuits. (b) Impedance spectroscopy of 
the circuit in liquid. (c) The potential drop VL across the liquid and its corresponding phase 
spectra (d). Parameters are taken from the analysis of corresponding impedance spectra 
described in Chapter 6.2.2. Simulation detials can be referred to the program MADE2 in 
the attached CD. 
with the bulk concentration ic
  and charge number iz  of all ions. For binary solutions the PB 
equation becomes the Gouy-Chapman (GC) equation. The Debye-Hückel (DH) theory is 
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obtained by linearization of the GC equation under the assumption that the electrostatic energy 
is smaller compared with the thermal energy /Bk T ze  . The solutions is then given by 
 1( ) exp( / ).z z      (6.6) 
Thus the potential decreases exponentially with distance from the polarized electrode. Here the 










    (6.7) 
However, the DH theory is not appropriate if the applied electrode potential is larger than the 
thermal energy where strong steric effect within EDLs should be taken into account. This is 
often observed during SWCNT-DEPs, thus the non-linear PB equation has then to be solved 
numerically. For binary symmetric semi-infinite electrolytes in contact with a flat polarized 
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Figure 6.4(a) demonstrates excellent agreement between the PB and the analytical solution for 
cases with /Bk T ze  . In contrast, the Debye length from Debye-Hückel theory slightly 
overestimates the double-layer thickness. 
Still the PB and analytic equations have limited applicability at large surface potentials 
( /Bk T ze  ), because it is not considered that ions have a finite size. Therefore, the ion 
concentration at the electrodes can reach unrealistic values at large voltages. 
To account for the steric effects of the ions, a modified Poisson-Boltzmann (MPB) equation 
which includes the finite ion sizes of the Stern layer in filed potential distribution has been 
proposed recently by Kilic et al.[245], and given by 
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Figure 6.4: Comparisons of electric potential distributions calculated using PB, analytical, DH and 
MPB models under different (a) ion (Chlorine ion Cl-, with “M” stands for mole) 
concentrations and different bias: (a) 50 mV, (b) 100 mV and (c) 1 V. (d) Electric potential 
distribution derived with MPB model for different ion-concentration media:  
1-w%-SDS water, 0.1-w%-SDS water, 0.01-w%-SDS water, 0.001-w%-SDS water, 
0.0001-w%-SDS water, pure water and 100-ppm-H2O toluene. The light-blue dash line 
denotes the electric potential at De . Simulation detials can be referred to the FlexPDE 
program FP1 in the attached CD. 
here ion  denotes a packing parameter 
32ion c 
 , and can be derived by taking the effective 
ions size 6.6 A 

 into account in this work. The way to characterize   is to take it as a cutoff 
for the unphysical divergences of the PB theory. This parameter includes not only the solvation 
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shell ( 6.6A

for Cl- and OH- in aqueous[157,246]), but also the decrease of permittivity (by as 
much as a factor of 10 for water, as discussed below)[247], making   larger than the measurable 
diameter of the ion.  
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  (6.10) 
Figures 6.4(b) and (c) demonstrate the limitation of the PB, analytic and DH in comparison to 
the MPB. It is obvious that the PB model can be used for voltages up to 0.1 V. Beyond that the 
MPB has to be solved. 
Based on the above discussions, the double-layer thickness DL  at the water-electrode interface 
for different ion concentrations can be determined. Figure 6.4(d) shows the potential profile 
across the double layers formed in neutral water, aqueous solution with 1 wt-% SDS  
(c = 0.034 mol/L) and diluted solutions (dilution factors 10,102,103 and 104) as 0 0.1V  . The 
simulation shows that the double-layer thickness is in the order of 100 nm for solutions of 1-
w%-SDS water, and 1 µm for pure water. Practically, stable dispersions of individual CNTs 
require a surfactant concentration in the order of 1 w-% SDS. And for the dielectrophoretic 
deposition of CNTs, dispersions are often used either undiluted or diluted by factor up to 100. 
Hence the double-layer thickness in nanotube dispersions is never exceeding 100 nm. With an 
electrode distance of typically 1 µm, which means that the double layer thickness DL L  . 
Hence 0  drops mainly across the double-layer but not across the liquid for 1C  . 
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 
  (6.11) 
with /DL DLC A   and ( )LR L A , A  are the effective cross-section area of parallel 
electrode pairs and σ the conductivity of the solution. 081   for water with 0  the vacuum 
permittivity[79]. 
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An overview of DL ,   and 1C  for pure water and water with various concentrated SDS is 
given in the table 6-2. The calculations show that for the dielectrophoretic deposition of CNTs 
in aqueous SDS dispersions onto micro-scale electrodes 1L   µm, one should apply AC signals 
at 0.1   MHz instead of DC signals to ensure that the external voltage drops across the entire 
liquid. Moreover, since electrochemical reactions including the dissociation of water are 
suppressed at AC frequencies, higher peak-to-peak voltages can be considered. 









 DL m  3.2×10-9 6.0×10-9 19.8×10-9 0.36×10-6 13.5×10-6 
 /S m  2.3×10-1 2.9×10-2 4.0×10-3 5.5×10-6 1×10-10 
   1 /C Hz L m   2.1×106 5.0×105 2.3×105 5.5×103 0.038 
Reported values for the conductivity of toluene range within 11 1010 10     S/m[219]. The 
origin of the conductivity is not described in the literature, but most likely from the charged 
impurities such as dissociated water. The solubility limit of water in toluene is 330 ppm, and 
even anhydrous toluene is specified with a significant water content <100 ppm, corresponding 
to a water concentration of 10-3 mol/L. However, data on the ion concentration in Toluene has 
not been revealed in the literature. Therefore, the critical frequency has to be derived from 
impedance spectroscopy measurements (displayed in the following). Novikov et al.[219] 
measured a conductivity of 1010   S/m and critical frequency 1C   Hz for parallel 
electrodes at distance 100L   µm. Therefore, the thickness of the double-layer can be 
estimated using the formula 6.11. With 02.38   for Toluene, 
51.35 10DL
   m (as shown 
in the Table 6-2) was obtained. The calculations show that in Toluene DL L   for electrodes 
with a gap size <10 µm. Therefore, 0  drops mainly across the liquid and is independent of the 
frequency. 
However, when the thickness of the EDLs is too large compared to the gap distance L  between 
electrodes, for instance the case of EDL overlapping, both the non-linear PB and MPB models 
are not valid for electrical potential analysis under such situation. This is because that the 
deformation of EDLs induced by the convection and polarization of electrolytes are absent in 
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the these models[248]. Additionally, in the vicinity of the electrode surface, normally within the 
range of few nanometers, the approximation of electro-neutral liquids based on equation (2.43) 
is not appropriate any longer due to charge separations induced by the local high electric field. 
In order to describe the behavior of such a thick diffuse double layer, the Nernst-Planck 
equations for all the ions, combined with Poisson’s equation, known as the  
Poisson-Nernst-Planck (PNP) equations, should be applied[249]. 
 ( )i i i i i i
c




   

  (6.12) 
 ( ) i i
i
z ec        (6.13) 
where i  is the mobility of the species i , and /i iD kT  stands for the Einstein’s relation. 
Figure 6.5 demonstrates the corresponding electric potential distribution of EDLs using the PNP 
model under the concerning of an up-limitation of ion-concentration given by 32ion c 
 .  
 
Figure 6.5: The PNP equations based EDL profiles with respect to different (a) ion-concentrations  
(100-ppm-H2O toluene, 10-10 mol(M)/L OH- toluene and 10-13 M/L OH- toluene) and (b) 
surface potential (0.001 M/L Cl-). Simulation detials can be referred to the COMSOL 
program CMSL1 in the attached CD. 
For the stern layer, where immobile ions strongly adsorb to the electrode surface, implying no 
free charges exist, mathematically, the electric potential within this layer is also accessible and 
governed by 
   
  
98 | Chapter 6 
 ( ) 0       (6.14) 
However, in practice, the permittivity of polar electrolytes is not constant when the electric field 
becomes very large. This is because the orientation of electrolyte molecules becomes highly 
order due to the saturation of polarization under a very high electric field, resulting in the 
suppression of further orientation of these molecules even when the field intensity is further 
increased. This phenomenon leads to the decrease of the medium permittivity. As Booth 
stated[247], the divergence of the liquid permittivity can be divided into two region with respect 
to an artificial critical electric field intensity of 107 V/m. Above this intensity, the permittivity 
of the medium can be given by 
 2 2
3 1
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    (6.15) 
with 25 2 ( 2)b kT n   , while for 710E 

 V/m, ( )x E

can be treated as the same as the 
permittivity at zero electric field (0)x which is equivalent to the bulk fluid permittivity m . The 
parameter n  denotes the refractive index of the liquid[250] and -181.85 10b    (CGSE units, for 
toluene -180.36 10b   [220]) presents the dipole moment of the water molecule.  
Figure 6.6 shows the calculated electric-field dependent permittivity distributions (one can refer 
to the COMSOL program CMSL2 as included in the attached CD) of two kinds of electrolytes, 0.01-
w-%-SDS water and 100-ppm-H2O toluene (with water content of ≈100 ppm, 69.519 10De
   
m, see Appendix A). When the applied potential is over 0.1 V, the permittivity of 0.01-w-%-
SDS water decreases dramatically within the Stern layer (from 081 to below 030 ), while the 
permittivity for 100-ppm-H2O toluene is almost unchanged (around 038.2  ) before the 
potential rises up to 0.5 V. Therefore, in order to precisely derive the impedance of the EDLs, 
1DL DLZ i C , the calibration of the permittivity change within the Stern layer should be taken 
into consideration.  
Since the double layer capacitance DLC  can be treated as the series connection of the Stern 
capacitance SC  and the Diffuse capacitance DC  layers, given by  
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Figure 6.6: The calculated (a and c) electric potential, (b and d) permittivity and electric field strength 
distributions of 0.01-w%-SDS water and 100-ppm-H2O toluene with taking stern layer into 
account. Simulation detials can be referred to the COMSOL program CMSL2 in the 
attached CD. 
where the effective cross-section area of parallel electrode 5 22.0 10A m   is derived based on 
the impedance spectroscopy discussed below. Considering the existence of two EDLs and the 
field-dependent  , the weight ratio of the potential drop across the diffuse layer over the total 
potential applied on the EDLs can be derived using  / ( )S D CC C C   , as described in 
Chapter 2.4.4. Furthermore, for Stern layers, the corresponding weight ratio is given by 1-  
which possesses a value of ~0.07 for 0.01-w-%-SDS water and ~3.5×10-5 for 100-ppm-H2O 
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toluene under an applied 0.5 V EDL potential. It increases up to 0.14 for the former solution, 
while almost keeping unchanged for the latter under 1.0 V bias due to the much smaller dipole 
moment of toluene molecular than that of water. Furthermore, under low frequencies, the 
impedance of the liquid bulk capacitance can be considered to be negligible compared to its 
ohmic resistance. Thus, the impedance within the bulk liquid is dominated by the conductivity
m . Under this situation, the potential drop across the EDLs can be formulated as 
DEP(V /2) (1 / 2 )DL DL mi LC      with L  denoting the characteristic length of the DEP 
circuit. 
Briefly, based on the concept of EDLs, one can address that the applied electrical bias cannot 
be completely used for the SDS-water or toluene based CNT-DEPs. The weight ratio of the lost 
potential over total bias is accessible with characterizations of EDL dielectrics and geometries 
using the MPB or PNP models. Now it comes with two questions, how much the applied bias 
can be used for DEPs while considering all the parasitic impedances of circuits practically, and 
what is the value of the EDL capacitance? In order to answer these questions, the impedance 
spectroscopy of typical DEP circuits should be investigated. 
6.2.2 Impedance Spectroscopy 
To investigate the impedance spectroscopy  of capacitively coupled dielectrophoretic 
deposition-circuits, it is first important to understand the electrical contributions of all the 
system elements within the DEP circuits[251]. We have discussed above the way to characterize 
the double-layer thickness and critical frequencies for liquids relevant to nanotube 
dielectrophoresis, namely water with the ionic surfactant SDS and toluene with polymer. For 
micro-scale electrodes in toluene, the applied potential always drops across the liquid, whereas 
for water a critical frequency 1C  exists. When a low frequency 1C   field is applied, the 
potential mainly drops across the double layer, while at high frequencies it drops across the 
liquid. Experimentally, the critical frequency can be measured with impedance spectroscopy. 
As shown in Figure 6.7, impedance spectra are distinctive with respect to different liquid media 
under similar measuring conditions. In terms of aqueous liquids, an obvious transition 
frequency exists in the impedance spectra. Moreover, it decreases with respect to the further 
dilution of SDS in water, verifying the discussions of the cutoff frequency 1C  of the double 
layer as illustrated in the table 6-2.  
 
 
Principles of SWCNT DEPs | 101 
 
Figure 6.7: Experimental observations and calculated fittings of impedance (a) amplitudes and (b) 
phases for DEP circuits based on different media (1-w%-SDS water, 0.1-w%-SDS water, 
0.01-w%-SDS water, pure water and 100-ppm-H2O toluene) under a driving bias of 0.5 V. 
Back circuit stands for no liquid case. 
By employing the circuit model as shown in Figure 6.2(a) and fitting the obtained EDL 
impedance with eq. 6.2, the corresponding EDL capacitance DLC and exponent index   of the 
high ion-concentration media can be derived based on an assumption of pure water capacitance 
of 2.019 pF (as illustrated in the Table 6-3). Based on these variables, Figure 6.7 illustrates 
good agreements between the fitted data and the experimental observations. Three regimes are 
distinguishable in the impedance spectra for all electrolytes except toluene. For the latter, the 
impedance spectrum is indistinguishable from that arising from the back circuit where no liquid 
is placed between the electrode pairs. As a result, the corresponding fitting parameters cannot 
be derived properly. This indicates that the capacitance of the EDL for toluene is much smaller 
than the parasitic capacitance, verifying that the applied DEP bias mainly drops across the liquid 
because the DL L   here. In order to quantitatively demonstrate this comparison, DL  for 
different SDS-concentration aqueous is also experimentally derived and given in Table 6-3. It 
is clear that the EDL thickness of SDS-water increases with respect to a decrease in the 
surfactant concentration, i.e. the ion concentration, which varies from 2.992 nm for 1-w%-SDS 
water to 17.921 nm for 0.01-w%-SDS water. Besides, considering relative permittivity changes 
induced by high local electric field within Stern layers, it is evident that the value of 
De S m S     gives out a better evaluation of the DL  than De S   for these solutions. 
Furthermore, when taking a closer look at the derived exponent index  , this parameter arises 
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slightly from 0.6738 for 1-w%-SDS water up to 0.6851 for 0.01-w%-SDS water, indicating the 
dielectric EDLs becomes more lossless when the ion-concentration decreases. On the other 
hand, the EDL thickness reaches 0.036 µm for a double EDL circuit, which means that the 
capacitance of aqueous bulk cannot be treated to be constant any more when the electrolyte is 
heavily diluted. These lead to uncertainties in measuring the liquid capacitance, thereby the 
thickness of EDLs. 
Table 6-3: The derived RL, CL, CDL and   for different-media based DEP circuits with Lca=437 nH, 













De m S S   
[nm] 
1w-% SDS-Water 3556 2.019 2.396 0.6738 2.992 2.01 3.00 
0.1w-% SDS-
Water 
19290 2.019 1.201 0.6845 5.968 5.63 6.62 
0.01w-% SDS-
Water 
88580 2.019 0.400 0.6857 17.921 17.13 18.12 
(a) 
DL  is half of the measured EDL thickness due to two symmetric EDLs formed on each interface of 
electrode pairs in experiments. 
6.3. FEM Simulations and Experiments  
6.3.1. CNT Suspensions 
Using 0.01-w%-SDS water and 100-ppm-H2O toluene as media, two kinds of CNT solutions, 
as shown in Figure 6.8, were prepared in this work through size-exclusion-chromatography 
(SEC) methods [79,128] and contents as introduced in Chapter 3.2. It is evident that both 
solutions contain multi-chiral s-SWCNTs, and possess a comparable concentration which can 
be verified with roughly the same optical absorption intensities. Although the s-SWCNT 
diameter varies with respect to the chirality, a proper conductivity and permittivity of the CNT 
bulk were used to qualitatively describe polarizabilities of nanotubes during DEPs[79], as 
displayed in Appendix A. It was observed that -34 10 /S m   , 081  for 0.01-w%-SDS 
water (diluted with distilled water (VWR CA1.16754.5000)), and -102 10 /S m   , 02.38 
for 100-ppm-H2O toluene (diluted with 100 ppm-water commercial toluene (Alfa Aesar,  
CAS-number 108-88-3)) are good enough to match with the experimental observations of DEPs 
using such CNT solutions with a dilution factor of 100. In terms of CNT length, a typical 
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characterized length of 1 µm was chosen for nanotube-DEP simulations, which is equal to the 
practical electrode gap applied in this chapter. 
 
Figure 6.8: Typical optical absorption spectra of (a) 1-w%-SDS water and (b) 100-ppm-H2O toluene 
dispersed CNTs used in this Chapter. 
 
Figure 6.9: The (a) side and (b) top view of the DEP structure used in this work. Notably for the  
BG-DEPs, the silicon substrate is set to the ground (“O” stands for the original point). 
6.3.2. DEP Geometry 
The equations developed in Chapter 2.4.4 for solving electric field, temperature distribution, 
and fluid-velocity distribution of DEP systems are coupled with each other and can be solved 
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we have employed an effective method, known as finite element method (FEM) simulations, 
which was performed with a commercial software package (COMSOL MULTIPHYSICS 5.0, 
as described in Chapter 3.5) in this chapter. A simplified schematic geometry without loss of 
generalities of CNT-DEPs in this study is given in Fig. 6.9 (a) (side view) and (b) (top view). 
With proper boundary conditions and structured meshes, all the electric potential, temperature 
and fluidic velocity distributions arising from applied dielectrophoretic bias VDEP can be 
analyzed through FEMs. In the following discussion, both the field-frequency dependent 
translational and rotational motions of CNTs with length of 1 µm and diameter of 1.3 nm during 
DEPs were simulated. Furthermore, the efficiency and performance of practical CNT-DEPs 
were also discussed with respect to both different media and electric fields.  
6.3.3. Potential Field 
1. Boundary Condition 
In order to simplify comparisons between the effects of different electric fields, such as AC and 
DC, on CNT-DEPs, the root-mean-square voltage Vrms of AC bias was picked for the following 
simulations.  
Considering the existence of EDLs lying between metallic surfaces and bulk electrolytes, the 
proper boundary condition for electrodes is the charge conservation equation for the given 
double layers i.e. the current flowing into the element of the double layer is equal to the increase 
of the stored charges. For a high ion-concentration medium based CNT-DEP system, the 
electrode gaps are much larger than double layer thickness. For instance, the 0.01-w%-SDS 
water based DEP (with DL  around 17 nm, as shown in the Appendix A), the double-layer can 
be approximated theoretically as a distributed capacitor between electrodes and the bulk since 
the lateral currents along the double layer (either convection or conduction) are negligible in 
comparison with the normal current[67]. Thus the normal current flowing into the double layers 
is equal to the increase in the stored charges. Besides, the size of the double layer is so small 
that it does not enter into the problem space. Therefore, the conservation of charge condition 
can be given by  








  (6.17) 
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where n  represents the outer normal, DLC the EDL capacitance per unit area with a rather 
precise evaluation given by / ( / 2 )DL m D m SC       . AppliedV  is the electrical potential 
applied for DEPs.   denotes the electric potential just outside the double layer. Using complex 












  (6.18) 
Under this situation, when a frequency /    is applied where the displacement current 
dominates, the potential   just outside the double layer becomes equal to the applied potential 
AppliedV . This is crucial for successfully achieving the 0.01-w%-SDS water based CNT-DEPs. 
However, for 100-ppm-H2O toluene based DEPs, the above assumptions for boundary 
conditions of EDLs is invalid, since the thickness of EDLs is much larger than the characteristic 
length of their DEP systems ( 1L  um  in this work). A reliable description of the electrical 
performance of EDLs under this case should enlarge the role of the Stern layers to replace that 
of the whole EDLs, thereby the electric fields can be electrostatically determined based on the 












  (6.19) 
For boundaries of gaps between the electrodes, i.e. the substrate/electrolyte interface, the 
boundary condition is given by the continuity of the total normal current density: 
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  (6.20) 
Notably, two grounded situations can be used for CNT-DEPs, which are known as  
back-grounded (BG) and top-grounded (TG) approaches. The former indicates that silicon 
wafers are set to the ground potential, and has been well developed for large scale CNT-DEP 
depositions[75]. Under that condition, all floating electrodes excluding the common one are 
modeled as floating potential and can be solved by applying an electric shielding boundary 
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condition. The TG connection means that all floating electrodes are set to the ground bias, and 
the common electrode is fixed with a potential derived from equations (6.18) or (6.19).  
2. Simulations and Discussion  
Figure 6.10 demonstrates the side view potential distributions of both 0.01-w%-SDS water and 
100-ppm-H2O toluene based DEP circuits with respect to different field frequencies. For the 
BG connection (Figures (a-h)), both DEPs lose their potential drop for CNT depositions due to 
the increased impedance of the 800-nm-thick SiO2 layer of silicon wafer used in this thesis as 
the field frequency decreases (for water: 10 MHz ~1000 Hz; for toluene: 100 Hz~0.001 Hz as 
shown in Fig. 6.10(d) and (h)). Besides, it is apparent that the  
100-ppm-H2O toluene can preserve larger potential drop across the electrode gap for CNT 
depositions at rather low frequencies (>0.01 Hz) compared to the 0.01-w%-SDS water 
(>100000 Hz) DEPs, which is attributed to the low conductivity of the former, making the 
impedance of toluene comparable with the dielectric layer SiO2 impedance even under low 
frequencies.  
Figure 6.11 demonstrates the typical BG toluene-CNT-DEP deposition using a bias of 50 Hz 
and 3.5 V Vrms performed with an extended-width (90 µm) electrode structure. The SEM 
observation confirms the feasibility of low-frequency CNT-DEPs with BG connections based 
on toluene. 
Based on eq. 2.27 and 2.28, it can be addressed that the lower frequency of electric field results 
in larger polarizability of the CNT. Thus how could one apply a magnitude-fixed electric field 
to preserve enough potential drop across liquids for CNT depositions while frequency further 
decreases? One approach is to change the ground connection from BG to TG (is used for all the 
following discussions) in avoid of potential loss within the dielectric layer of wafers. Figures 
6.10(i-l) shows the potential characterizations of TG CNT-DEPs based on two kinds of media. 
It is noteworthy that although the operating frequency of 0.01-w%-SDS water based TG-DEPs 
(Fig. 6.10(i) and (j)) can be preserved to one order magnitude lower than the BG case, it still 
cannot drop down to 10 kHz since half the potential has already been wasted within the EDL. 
In addition, this frequency is detrimental for enhancing CNT polarizabilities. On the other hand, 
for 100-ppm-H2O toluene based DEPs (Fig. 6.10(k) and (l)), the applied bias can be preserved 
well for DEP depositions with field frequency continuous decreasing, even down to DC. This 
is because the thickness of its EDLs is thicker than the electrode gap, making the impedance of 
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the whole circuit dominated by the capacitance of the diffuse layer rather than the Stern layer 
or the liquid. This phenomenon underlines the improvement of s-SWCNT DEP depositions as 
low frequency bias.  
 
Figure 6.10: Characterizations of electric potential distribution for (BG: a-d, TG: i-j) 0.01-w%-SDS 
water and (BG: e-h, TG: k-l) 100-ppm-H2O toluene based DEPs with respect to the field 
frequency. For the former, it shows the BG based potential-distribution surfaces with 
respect to frequencies of (a) 10 kHz, (b) 100 kHz and (c) 1 MHz, and (d) plots of potential 
drop across the electrode gap under different frequencies (1 kHz, 10 kHz,  
100 kHz, 1 MHz and 10 MHz). The TG based (i) potential-distribution surface under 
frequency of 1 kHz and (g) plots of potential drop across electrode gaps with respect to 
frequencies of 100 Hz, 1 kHz, 10 kHz and 100 kHz are also displayed. For the latter, the 
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corresponding BG based potential-distribution surfaces with respect to frequencies of (e) 
1 Hz, (f) 10 Hz and (g) 100 Hz, and (h) plots of potential drop across electrode gaps under 
different frequencies (0.001 Hz, 0.01 Hz, 1 Hz, 10 Hz and 100 Hz) are demonstrated. The 
TG based (k) potential-distribution surface under DC case and (l) plots of potential drop 
across electrode gaps with respect to DC and frequencies of  
0.001 Hz, 0.01 Hz, 1 Hz and 10 Hz are also displayed. A bias of 5 V Vrms is applied for all 
cases. Simulation detials can be referred to the COMSOL programs CMSL3 and CMSL4 
in the attached CD. 
 
Figure 6.11: SEM image of typical BG toluene-CNT-DEP depositions using 50 Hz, 3.5 V Vrms bias 
based on 90-µm long, 1-µm wide electrode structures (scalar bar: 1 µm). 
6.3.4. Thermal Field 
1. Boundary Condition 
Theoretically, boundary conditions for temperature fields are the continuity of temperature and 
normal heat fluxes at interfaces. The boundary conditions for the temperature field in micro-
structures are significantly determined by the ambient environment, which can differ from one 
experiment to another. As shown in the Figure 6.9(b), the electrodes are large enough for 
efficiently heat dissipation, thus the corresponding temperature can be considered to be at room 
temperature (300 K in this work). In addition, the upper and lower boundaries are also 
considered to be at room temperature due to efficient heat exchange with ambient environment. 
On the lateral edges, a symmetry boundary condition is applied as ( K ) 0n T     , because 
these edges are far away from the concentrated power generation near the electrode gap, and 
the resulting temperature gradients are almost negligible[251]. 
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2. Simulations and Discussion  
Figures 6.12 display the simulated results of the generated temperature fields of the mentioned 
solution based DEPs. It is evident that for a given electric field, the 0.01-w%-SDS water DEPs 
with TG connection yield more Joule heating, resulting in an increase in the local temperature 
as well as the gradient of temperature than the TG-connected 100-ppm-H2O toluene based 
DEPs. The highest temperature of solution for the former case arose from 300 K up to 301.1 K, 
while it remains almost unchanged for the latter; the maximum gradient of temperature field of 
the SDS-water based DEPs is over 6 orders of magnitude larger than the toluene based ones. 
As mentioned above, the induced temperature gradient inevitably brings electrothermal effect 
on the fluid. Thus one can address that the ETF effect induced under the AC water-CNT DEPs 
is significant, while it is negligible for the DC toluene-CNT DEPs. 
 
Figure 6.12: Temperature distribution characterizations of 0.01-w%-SDS water and 100-ppm-H2O 
toluene based TG-DEPs. (a) Temperature contour and (b) surface graph of logarithmic 
temperature gradient of the former under a 5 V Vrms, 100 kHz bias compared to the (c) 
temperature contour and (d) surface graph of logarithmic temperature of the latter with a 
5 V DC bias. Simulation detials can be referred to the COMSOL programs CMSL3 and 
CMSL4 in the attached CD. 
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6.3.5. Fluidic Field 
1. Boundary Condition 
No-slip conditions are imposed on all boundaries of the fluid domain: 0  . In certain 
situations, however, it may be necessary to introduce a slip condition on the metallic electrodes 
in order to take the emergence of ACEO into account, especially in the frequency regime: 
0 ACEO  . Similar in the case when a DC offset is imposed between two electrodes, a slip 
condition on the dielectric silicon oxide substrate has to be introduced to account for DCEO: 
0 DCEO  . In this section, two situations are included: AC water-CNT DEPs and DC  
toluene-CNT DEPs. As discussed previously, the ACEO effect of the latter is very small 
compared to the former due to a much smaller EDL capacitance of toluene circuits. Therefore, 
here it is reasonable that the ACEO boundary condition is only defined for AC water-CNT 
DEPs, while DCEO only for DC toluene-CNT DEPs. 
2. Simulations and Discussion  
 
Figure 6.13: Fluidic velocity characterizations of 0.01-w %-SDS water and 100-ppm-H2O toluene 
based TG-DEPs. (a) Logarithmic velocity contours and flow-direction-indication arrows 
of the former with a 5 V Vrms, 100 kHz bias compared to the corresponding (b) logarithmic 
velocity contours and direction-indication arrows of the latter using a 5V DC bias. 
Simulation detials can be referred to the COMSOL programs CMSL3 and CMSL4 in the 
attached CD. 
Figure 6.13 demonstrates the fluidic velocity distribution of the 0.01-w%-SDS water and  
100-ppm-H2O toluene based TG-DEPs involving the proper ETF, ACEO and DCEO effects. 
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The steady-state fluid velocity of 0.01-w%-SDS water based DEPs is over 10 times larger than 
that of 100-ppm-H2O toluene based DEPs, which can be attributed to its more pronounced ETF 
effects. Note that the motion of liquid above common electrode rises up from the top-surface 
of the electrode and symmetrically convection back to the electrode gaps from both left and 
right sides (Figure 6.13). This phenomenon is helpful for transporting CNTs into effective 
deposition regions. Additionally, the fluid convections in both cases are so large that CNT-DEP 
depositions should be dominated by convections instead of CNT-diffusions (around ~µm/s, 
caused by Brownian motion as introduced in Chapter 2.4.2) under high DEP bias (here 5 V for 
both cases).  
6.3.6. DEP Efficiency 
Figure 6.14 displays both side and top view characterizations of the velocity and alignment of 
CNT deposition using 0.01-w%-SDS water (Figures 6.14(a-d)) and 100-ppm-H2O toluene 
(Figures 6.14(e-l)) based TG-DEPs.  
For the case of side views, it is evident that the 100-ppm-H2O toluene based DEPs yield a higher 
deposition efficiency and better CNT alignment than the 0.01-w%-SDS-water based ones even 
under the same bias conditions (5 V Vrms, 100 kHz as shown in Figures 6.14(a-b) and (i-j)). This 
is because the latter possesses a larger conductivity, thus screening the polarizability of CNTs 
during DEP depositions. Besides, the benefits of using low field-frequency DEPs for CNT 
depositions can be confirmed with observations as shown in Figures 6.14(e-f) and (i-j), where 
a maximum DEP velocity of about ~m/s and alignment angle (with respect to the x-axis) of 
0.01° can be achieved with a 5 V DC DEP bias whereas they decrease to 0.27 m/s and 0.05° 
under a bias of 5 V Vrms, 100 kHz both based on toluene. This phenomenon can be attributed to 
the loss of CNT polarizabilities with respect to the increase of field frequency. Similar 
observations are also displayed in Figures 6.14(c-d), (g-h) and (k-l) for the top views of DEPs.  
Additionally, in order to further evaluate the difference between DEP performance based on 
these two kinds of liquids, a simulation of 1 V DEP bias is performed and shown in Figures 
6.14(g-h)  and (k-l) for 100-ppm-H2O toluene based DEPs with respect to field frequencies of 
DC and 100 kHz respecticely. It is clear that the performance of CNT deposition using toluene-
based 1V-DC DEPs is even better than that using SDS-water based 5 V Vrms, 100 kHz DEPs as 
shown in Fig. 6.14(c-d), while the latter is already better than 1 V, 100 kHz DEPs based on 
toluene. Thus one can address that toluene based DC-DEPs with an applied bias below the 
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threshold voltage of electrode electrolysis is the most promising approach to perform CNT 
depositions under the scope of this thesis.  
 
Figure 6.14: Side view and top view characterizations of velocity and alignment of depositing CNTs 
through 0.01-w%-SDS water and 100-ppm-H2O toluene based TG-DEPs. Side view: (a), 
(b) show the logarithmic velocity contours and steady-state alignment surface (with 
respect to X-axis) of 0.01-w%-SDS water dispersed CNTs respectively during DEPs with 
a 5 V Vrms, 100 kHz bias. (e), (f) show the logarithmic velocity contours and  
steady-state alignment surface (with respect to X-axis) of 100-ppm-H2O toluene dispersed 
CNTs respectively during DEPs with a 5 V DC bias, while the bias is changed to 5 V Vrms, 
100 kHz and displayed in (i) and (j). Top view: (c), (d) show the logarithmic velocity 
contours and steady-state alignment surface (with respect to X-axis) of 0.01-w%-SDS 
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water dispersed CNTs respectively during DEPs with a 5 V Vrms, 100 kHz bias. (g), (h) 
show the logarithmic velocity contours and steady-state alignment surface (with respect 
to X-axis) of 100-ppm-H2O toluene dispersed CNTs respectively during DEPs with a 1 V 
DC bias, while the bias is changed to 1 V Vrms, 100 kHz and demonstrated in (k) and (l). 
Simulation detials can be referred to the COMSOL programs CMSL3-6 in the attached 
CD. 
 
Figure 6.15: Side view contours of TG-DEP velocity overcoming the Brownian motion for (a)  
0.01-w%-SDS-water and (b) 100-ppm-H2O toluene dispersed CNT depositions using 
DEP bias of 5 V Vrms, 100 kHz and 5 V, DC respectively. Simulation detials can be 
referred to the COMSOL programs CMSL3 and CMSL4 in the attached CD. 
In terms of quantitative comparison of the CNT deposition efficiency of SDS-water and toluene 
based DEPs, the corresponding velocity distributions where the DEP deposition overcoming 
the Brownian motion are simulated, as shown in Figure 6.15. The mean radius of effective 
regions, where CNTs can be deposited for the 0.01-w%-SDS water based 5 V, 100 kHz DEP is 
about 3 µm (Figure 6.15(a)). It is only one fourth of that based on 100-ppm-H2O toluene based 
DEPs with a 5 V DC bias (Fig. 6.15(b)). Thereby, considering a 3D geometry of the DEP system, 
this observation reveals a difference with a factor of 64 between these two DEP situations, 
implying that the electric field generated during toluene based DEPs can influence SWCNTs 
further away from electrode gaps than SDS-water based ones. It is noteworthy that all the 
simulations above can only visualize the beginning situation of CNT depositions using DEPs. 
The parameters as well as variables used in these simulations will probably change after the 
nanotubes start to be deposited across the electrodes. Thus further analysis is required for 
specific cases. 
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Figure 6.16: Typical SEM images of  TG-DEP deposited CNTs based on media of 0.01-w%-SDS water 
using (a) 1×1 µm (5 V Vrms, 100 kHz), (c) 1×90 µm (15 V Vrms, 100 kHz) structures, and 
100 ppm-H2O toluene  with (b) 1×1 (5 V, DC), (d) 1×90 µm (10 V, DC) structures (scalar 
bar: 1 µm). 
Figure 6.16(a and b) shows the typical SEM images of CNT-DEP deposition based on 0.01-
w%-SDS water (5 V Vrms, 100 kHz) and 100-ppm-H2O toluene (5 V, DC) with standard 
electrode structures (with channel gap of 1×1 µm) respectively. As stated above, it is obvious 
that the alignment and density of CNT deposition based on 0.01-w%-SDS water DEPs is poorer 
and lower than the one based on 100-ppm-H2O toluene DEPs under the same bias. In order to 
achieve large-scale or highly-dense CNT depositions for optoelectronics, an electrode structure 
with a 1×90 µm channel gap was also designed, as shown in Fig. 6.16(c and d). Again, toluene 
based DEPs (10 V, DC) achieved a higher-density and better-alignment CNT depositions than 
the SDS-water based ones (15 V Vrms, 100 kHz). This can be attributed to the more pronounced 
polarizabilities of CNTs from the former DEPs, making nanotubes more easily deposited within 
large scale electrode structures than the latter in which a much larger bias is required to 
compensate for its relatively smaller polarizabilities of nanotubes. 
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6.4. Summary  
Physical principles of CNT-DEPs have been discussed theoretically with water and toluene as 
the medium. For the toluene case, the EDL thickness is much larger than the micron-scale 
electrode gap, thus DEPs can be performed at low frequency, even DC-DEP, which is much 
beneficial to enhance CNT polarizability through making use of its low-frequency extremum. 
SEM characterizations confirmed that the performance of toluene based DEPs for s-SWCNT 
deposition are much better than the water based DEPs. Besides, the toluene based DEPs with 
DC bias was verified to be the most promising approach for s-SWCNT depositions. Moreover, 
a quantitative efficiency-difference between the toluene based DC-DEP and water based  
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Chapter 7: Low-Frequency DEP for CNT-FETs 
The work contained in this Chapter can be found in Ref.[128]. 
7.1. Introduction 
s-SWCNTs have been recognized as a promising candidate for next-generation,  
high-performance field-effect transistors (FETs) because of their extraordinarily high carrier 
mobility or carrier saturation velocity[120,218]. However, many challenges need to be overcome 
before the commercialization of corresponding technology. One biggest of which is the 
implementation of SWCNTs-based high-performance logic. This requires s-SWCNTs to be 
integrated into individual devices at a device density comparable to existing or future MOSFET 
technologies. Significant progress in this direction has been made over the years, but precise 
control over the fabrication of individual devices at ultrahigh densities with reliable properties 
is still absent. On the other hand, it is significantly less challenging to build a short-channel 
FET from an aligned and tightly packed array of s-SWCNTs than individual ones[32,252–254]. 
These are of particular interest applications such as SWCNT-based high-frequency power 
amplification, where merely a high linear density of parallel aligned s-SWCNTs, all contacted 
to the same micron-scale source and drain electrodes for low-impedance matching is 
required[22,255].  
So far, it has been difficult to fully exploit the exceptional properties of s-SWCNT arrays due 
to restrictions arising both from the material and fabrication techniques. These include 
alignment and placement of nanotubes, as well as the difficulty in fully removing residual 
metallic SWCNTs[256] and other impurities. For the alignment and placement of s-SWCNTs,  
low-frequency dielectrophoresis (DEP), which is based on low-conductive solvents (such as 
toluene), has been verified to be the most efficient way to integrate s-SWCNTs into devices, as 
discussed in Chapter 6. In terms of material quality, selective extraction of as-prepared SWCNT 
material by conjugated polymers has demonstrated to be an effective enrichment and isolation 
method to obtain high purity s-SWCNTs[150,257]. In particular, polyfluorene-based copolymers 
have shown to have one of the highest specific sorting abilities toward generating dispersed 
SWCNTs with purity of semiconducting content >99% in a single sonication/centrifugation 
step[57–59].  
However, in order to realize applications, higher s-SWCNT purities are desirable. As 
reported[22], aiming at further improving SWCNT-based high-frequency power transistors, the 
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devices need to have significantly lower m-SWCNT content (less than 1%). The ultimate goal 
for digital logics is to reduce the m-SWCNT impurity level to less than parts-per-million or 
even parts-per-billion. Besides, an additional constraint toward these applications is that the 
impurity level needs to be realized for large diameter SWCNTs with d > 1.2 nm, so as to reduce 
current-limiting Schottky barriers and to dramatically improve the On/Off ratios relative to 
small-diameter SWCNTs[188,258]. Moreover, although absorption spectroscopy is typically used 
to characterize nanotube purity, it is found to be insufficient in quantifying  
s-SWCNT solutions of high purity (>98 to 99%) due to low signal-to-noise in the m-SWCNT 
absorption region. Therefore, a high throughput electrical testing method is required to quantify 
the ultrahigh purity of s-SWCNTs[51]. 
In this Chapter, s-SWCNT suspensions with purity of >99.7% based on toluene was achieved 
by using SEC to separate polymer wrapped s-SWCNTs with respect to nanotube length. This 
value was derived through statistically analyzing corresponding transistor performance 
involving their mobility, On/Off current ratio and current density. By using low frequency 
DEPs, the fabricated transistors of such s-SWCNTs possessed a hole mobility of up to 297 
cm2V-1s-1 and On/Off ratios as high as 2×108. Besides, by replacing SiO2 based back-gate 
modulation with Al top-gate, a sub-threshold swing of 95 mV/decade for CNT transistors was 
achieved.  
7.2. Experimental 
PLV SWCNTs were synthesized for this study using methods introduced in Chapter 3.1[127]. 
The preparation of toluene-based suspensions was performed in the way introduced in Chapter 
3.2.2[128].  
In terms of the fabrication of CNT transistors, the site-selective integration of  
poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PODOF)-wrapped SWCNTs from an dispersion 
fraction (fraction 2 as mentioned below) was achieved via low-frequency DEP with a DC, 5 V 
Vrms bias[259,260]. More details were as introduced in Chapter 3.6.  
7.3. Results and Discussion 
Figure 7.1 shows the chromatogram obtained by fractionating PODOF-wrapped starting 
suspensions. It is obvious that the chromatogram can roughly be divided in two regions: (i) 
elution time between ~20-35 min during which only the polymer-wrapped SWCNTs elute and 
(ii) elution time ~35-45 min during which both polymer-wrapped tubes and “free” polymer 
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elutes. Four fractions (Frac 1~4) of 5 to 10 ml were sequentially collected from the first broad 
band eluting from the column (see Figure 7.1). 
 
Figure 7.1: Chromatogram of PODOF wrapped PLV SWCNTs obtained at 430 nm. Gray lines indicate 
fractions collected for analysis[128]. 
Figure 7.2 demonstrates absorption spectra in the wavelength range of 300–2000 nm for these 
four fractions. These spectra show mainly the first (S11), second (S22) and third (S33) interband 
transitions of s-SWCNTs. Compared to aqueous suspensions of the same SWCNT raw 
materials with surfactants as reported in Ref. [261] (see Appendix C), the spectra are more 
richly structured. This reflects primarily on (i) the pronounced S11 and S22 interband transitions 
arising from a strongly reduced (n, m)-distribution, and (ii) the essentially complete absence of 
the first metallic excitonic transitions, M11, otherwise visible in the spectral region between 
~500-700 nm. However, here quantitatively assessing the m-/s-purity of SWCNT suspensions 
by means of analyzing absorption spectra alone is difficult, because absorption features of  
side-products such as fullerenes, amorphous carbon and residual catalyst particles also normally 
appear in the M11 absorption region. Nevertheless, Fig. 7.2 clearly shows a reduction in 
background absorption versus S22/S11 absorption when comparing the absorption spectrum of 
the starting suspension to that of chromatographically purified fractions. Therefore, it can be 
assumed that SEC removes metallic tubes as well as side-products. 
In addition to the absorption feature of SWCNTs, there is also an absorption feature of the 
polymer at 384 nm. As shown, the intensity ratio of this peak to the SWCNT absorption is the 
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same for fractions 1-3. Since the molar mass (Mw ~20,000 amu as given by Sigma Aldrich) of 
polymer is much lower than that of SWCNTs (e.g. for ~500 nm long tubes,  
Mw ~600,000 amu), free polymers would be expected to move much more slowly through the 
SEC medium than nanotubes. Thus one can conclude that (i) the amount of polymer adsorbed 
on the tubes (which moves through the SEC gel together with the SWCNTs) and (ii) excess 
polymer can be removed from polymer-wrapped SWCNTs by SEC.  
 
Figure 7.2: Absorption spectra of SEC fractions of PODOF-wrapped PLV SWCNTs in toluene 
(fractions refer to those indicated in Figure 7.1). “Start” indicates starting suspension 
(diluted by 5× for better comparison)[128]. 
Further removal of residual metallic tubes by SEC is supported by Raman measurements of 
SWCNTs sedimented out of suspensions by using ultracentrifugation (direct Raman analysis 
of suspensions is hindered by the strong interference of the organic solvent). Fig. 7.3 shows 
Raman spectra excited at 633 nm in the radial-breathing mode (RBM) and G mode regions of 
tubes in SEC fractions 1-4 in comparison to the starting suspension. The above excitation 
wavelength corresponds well to the region of M11 absorption of metallic tubes and weak  
(off-resonance) absorption window between S33 and S22 bands of semiconducting tubes  
(Fig. 7.2). As a result, the spectrum of SWCNTs in the starting suspension still clearly 
demonstrates features which can be attributed to residual metallic tubes – the characteristic 
broad shoulder (Breit-Wigner-Fano lineshape)[262][263] of the G- band at ca. 1535 cm-1 and the 
RBM band at ca. 190 cm-1.  These features practically disappear in the spectrum of fractionated 
tubes, thus indicating a further substantial reduction of metallic tubes.  
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Notably, the RBM peaks observed at 253, 265 and 283 cm-1 may be attributed to (10,3), (7,6) 
and (7,5) semiconducting tubes, respectively[264], which are minor species in the PLV SWCNT 
material, but are resonantly excited at 633 nm. The major Raman signals detected from the 
fractionated tubes, e.g. RBM bands within ~140-200 cm-1, are apparently contributed by the 
off-resonantly excited but abundant, larger diameter s-SWCNTs (see Fig. 7.2 and PLE maps in 
Fig. 7.4).  
 
Figure 7.3: Raman spectra at 633 nm excitation of PODOF-wrapped PLV SWCNTs sedimented out of 
SEC fractions by ultracentrifugation. Different “Frac” refers to the corresponding fractions 
indicated in Figure 7.1, “Start” denotes the starting CNT suspension before SEC. The 
spectra are intensity-normalized at the G+ band (at ca. 1594 cm-1) and vertically shifted for 
clarity[128]. 
Fig. 7.4 shows PLE maps obtained for the four fractions. The chiral indices corresponding to 
local maxima in photoluminescence of CNTs were assigned on the basis of Ref. [233]. Besides 
the general observation that PODOF exclusively extracts close-to-armchair SWCNTs, there are 
also significant differences in the (n, m)-composition of eluting fractions as obtained from the 
PLE maps. It is evident that the early fractions are enriched in tubes with larger diameters, while 
later fractions have smaller average diameters. 
AFM measurements on spin-coated samples, as described in Chapter 3.4.2, show that this 
diameter trend correlates with mean length. The images were acquired for 300-500 isolated 
tubes per fraction. Figure 7.5 shows a typical AFM image of PODOF-SWCNTs.  
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Figure 7.4: PLE maps of SEC fractions of PODOF wrapped PLV SWCNTs. Fractions refer to those 
indicated in Figure 7.1. Note that the chiral index distribution is somewhat dependent on 
fraction[128]. 
 
Figure 7.5: Representative AFM picture of PODOF wrapped PLV SWCNTs[128]. 
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Figure 7.6: Length statistics extracted from AFM images obtained for spin-coated samples of SEC 
fractions of PODOF wrapped PLV SWCNTs. The red fitting curves are obtained based on 
the Gaussian function. Fractions correspond to those indicated in Figure 7.1. Note the 
systematic decrease in average length with increasing fraction number[128]. 
Through analyzing the obtained AFM images, the mean lengths of 940±385 nm for fraction 1, 
590±250 nm for fraction 2, 360±200 nm for fraction 3 and 315±170 nm for fraction 4  
(Fig. 7.6) were derived. In addition, from the AFM height analysis as shown in Figure 7.5, it is 
obvious that there is no indication of the presence of a significant amount of nanotube bundling. 
Consequently, it appears that larger diameter tubes are on average longer than the smaller 
diameter tubes. In earlier studies on length separation of surfactant suspended aqueous 
suspensions of SWCNTs, it was speculated that sonication induced scission is the possible 
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reason for analogous differences in (n, m)-distributions[200,261]. A correlation between the 
average diameter and the mean length is consistent with the current accepted conclusions 
regarding the mechanism by which SWCNTs are shortened during sonication[200,261].  
Electrical characterizations of the high packing-density short-channel transistor devices were 
performed to assess the purity of the s-enriched large-diameter PODOF-wrapped SWCNTs. 
For this, nanotubes from fraction 2 were deposited to closely match the SWCNT length 
distribution to the transistor channel length, taking into account that DEP promotes the 
deposition of longer nanotubes in mixtures of different tube lengths, as described in Chapter 
2.4.2. The SEM image of a characteristic transistor device, shown in the Figure 7.7(a), 
demonstrates that the s-SWCNTs are highly aligned along the channel length with a high 
density of ~30 SWCNTs per µm channel width. This deposition pattern is a result of the DEP 
conditions of the electrode design and allows to more effectively identify residual  
m-SWCNTs from high purity dispersions as compared to single-tube devices. Also, such 
devices are promising for SWCNT-based radio frequency power amplification electronics since 
they promote a higher on-state conductance. Figure 7.7(b) shows the electrical charge transfer 
performance of all the 12 devices prepared. As shown, all the transistors demonstrate a uniform 
p-type switching behavior with a typical On-state current density of ~10 µA/µm at 1V bias and 
an On/Off ratio of up to 2×108. The hole mobility is up to 297 cm2V-1s-1 based on the standard 
model, described in the experimental section. In addition, the average and standard deviation is 
272±30cm2/Vs for 6 out of 12 devices. The other half of the devices has an average mobility 
that is a factor of 2.5 less (106±40cm2/Vs) and seems to correlate with a higher nanotube density. 
The outstanding performance of these transistors can be attributed to the high-density 
integration of nanotubes, the high degree of alignment using low-frequency DEP (as described 
in Chapter 6) and the high-purity enrichment of s-SWCNTs through PODOF wrapping in 
combination with SEC. Since longer s-SWCNTs are better aligned by DEP[169], one cannot 
distinguish the individual contributions of the length-sorting by SEC and the DEP to the 
enhanced degree of alignment. It is also not possible to clarify how important polymer removal 
by SEC is for the performance. This is because length sorting, polymer removal and DEP 
alignment are direct consequences of using SEC and cannot be studied separately. However, 
what can certainly be assumed is that PODOF-wrapped SWCNTs in toluene are better aligned 
by DEP than SWCNTs in aqueous surfactant solutions due to the low permittivity and 
conductance of toluene as well as low field frequency. Regarding the physics, one can find 
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detail descriptions in the literature of Ref. [169] and in Chapter 2.4.2. The purity of the 
dispersion can be estimated from the total number of contacted SWCNTs and the fact that none 
of the devices show the presence of metallic SWCNTs. Metallic SWCNTs would have caused 
an off-state current in the order of 1-10 µA and hence orders of magnitude higher than 
observed[265]. As counted by SEM, there are around 30 bridging SWCNTs per device in each 
of the 12 devices. Thus the estimated purity of s-SWCNTs should exceed  
1-1/(12∙30) ≈ 99.7%, taking into account that DEP preferentially deposits metallic SWCNTs[63] 
and no metallic tubes have been detected at all. Since there is no indication that the 
semiconducting and the residual metallic SWCNTs have a different length distribution, the 
observed results can be reasonably attributed to the purity of the dispersion. 
 
Figure 7.7: (a) SEM image of a typical high-density short-channel transistor made of s-enriched  
large-diameter PODOF-wrapped SWCNTs, deposited by DEP. The scale bar equals 
200 nm. (b) Electrical transfer characteristics for all 12 devices tested. The source-drain 
current per µm channel width ISD versus back-gate voltage VG was recorded at source-drain 
voltage VSD = 1V[128]. 
The use of high purity, length sorted material and low-frequency DEP significantly improve 
the reproducibility of devices. This becomes evident in Figure 7.8 when comparing the  
On-state conductance with the On/Off ratio: all 12 devices share a nearly identical On-state 
conductance of 10µS/µm and the On/Off-ratios cluster within one order of magnitude. Further 
improvements in the On-state conductance may be expected when using either longer SWCNTs 
or shorter channel lengths to ensure that the contact length exceeds the charge transfer length[266]. 
In comparison with recently reported transport data for devices prepared using s-SWNCTs 
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dispersed in water[64,78,267] and organic solvents[257,265,268–271], shown in Figure 7.8, it becomes 
evident that the enrichment of s-SWCNTs through PODOF wrapping in combination with SEC 
yields s-SWCNT material that allows the fabrication of high-density, short-channel transistors 
with high mobility, high On/Off ratio and a high On-state conductance with a reproducibility 
factor of 2. Overall, the improved device performance characteristics can be attributed not only 
to the high s-purity of SWCNTs in the ~0.95-1.5 nm diameter range (as estimated from 
absorption spectra[233]) but also to low-frequency DEP which allows for uniformly dense 
networks to form as the transistor channel.  
 
Figure 7.8: Red stars indicate on-state conductance per µm channel width (GON) versus On/Off ratio for 
all 12, short-channel, high-density s-SWCNT transistors studied here. (using SEC enriched 
PODOF-wrapped s-SWCNTs ( CNTd  = 1.35-1.72nm) with VSD = 1V). Also shown for 
comparison are recently reported data for devices prepared using aqueous  
s-SWCNT dispersions [Ref.[78], CNTd  = 0.76 nm; and Ref.[64], CNTd  = 0.6-2.0 nm;  
Ref. [267], CNTd  = 1.5 nm] and for polymer-wrapped s-SWCNTs dispersed in toluene 
[Ref.[265], CNTd  = 1.3-1.7 nm; and Ref.[257], CNTd  = 1.3-1.8 nm, Ref. [268], CNTd  = 1.3 
nm; Ref. [269], CNTd  = 1.2-1.4 nm; Ref. [270], CNTd  = 1.3 nm, Ref. [271], CNTd  = 1.2-1.4 
nm]. The region to the right of the dashed line is not accessible due to the low current 
detection limit of the setup[128]. 
Another important technical parameter of CNT transistors is hysteresis, which arises from 
charge-trap states of nanotube devices. Since these states can influence the gate modulation, 
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thereby changing the channel conductance in undesirable ways, the stability and reproducibility 
of SWCNT transistors would be reduced[272]. Furthermore, a pronounced hysteresis can also 
lead to dynamic changes in threshold voltage, which reduce the noise margin of digital systems, 
requiring a larger supply voltage[273]. Therefore, for most applications, hysteresis must be 
eliminated.  
In terms of significant hysteresis observed in this work (as shown in Figure 7.7(b)), three causes 
can be attributed to: reversible charge doping into the SWCNTs by around atmospheric 
moieties[274,275], field-induced charges trapped and located at the gate insulator/air interface 
close to the nanotubes[276], and extra mobile charges associated with the insulating oxide 
layer[277,278]. Therefore, in order to reduce or remove the observed hysteresis, two attempts can 
be carried out: removing the SWCNT surrounding dopants by proper annealing treatment, and 
replacing the universal back gate of the used 800-nm-thick SiO2 dielectric layer with a  
high-permittivity, small-scale and thin top gate.  
Figure 7.9 shows the results of transfer performances of a typical PLV-SWCNT based transistor 
with different annealing treatments and gating geometries. Under back-gate measurements as 
shown in Figure 7.9(a), it is apparent that the hysteresis was slightly reduced after a 300 °C, 90 
min air annealing compared to its previous performance before annealing, implying that the 
surrounding dopants of the SWCNT was slightly reduced due to the heating. Besides, an 
increased on-current was also observed after the annealing treatment, this can be attributed to 
the improved CNT-metal contact by removing the remaining solvent after deposition and an 
increased p-doping from oxygen lowering the Schottky barrier for conduction. Figures 7.9(a 
and b) demonstrate the measured transfer curves of the same transistor but operated with a 
weakly oxidized (annealing in air at 250 °C for 90 minutes) 30-nm-thick Al top gate (fabricated 
as described in Chapter 3.6.4). As one can see the hysteresis is significantly suppressed 
compared to the back-gate based measurements. This can be attributed to the much-enhanced 
dielectric capacitance oxC  as quite thin weakly oxidized Al top-gates employed in the test. On 
the one hand, the enlarged oxC  was helpful to enhance the gate modulation on the CNTs 
according to the electrostatics CNT ox CNTC C  , meaning small gate sweeping is accessible. On 
the other hand, the small contact cross-section between Al and CNTs can reduce the number of 
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Based on the above discussion, a sub-threshold swing ( SS )[279] of 95 mV/decade was also 
derived using: 
  ln(10) d / d(ln )GS DSSS V I   (7.1) 
which is quite close to the lowest theoretical limit of 60 mV /decade for SS  at room temperature. 
 
Figure 7.9: (a) Typical transfer performances of short-channel (1µm in length) PODOF wrapped PLV-
single-SWCNT FETs with back gate before (black solid line) and after (blue solid line) 
300 °C annealing, and top gate (red solid line). (b) The zoom-in transfer curve of the top-
gate FET from (a). 
7.4. Summary 
Highly enriched semiconducting SWCNTs were prepared by combining PODOF-wrapping 
with size-exclusion chromatography. Length-sorted fractions with a high optical density were 
obtained which contained individually dispersed semiconducting nanotubes with purity of > 
99.7%. The purity of the material was derived from the charge transfer characteristics of 
short-channel transistors, each of which comprised of ca. 30 densely aligned s-SWCNTs. The 
transistors with a hole mobility of up to 297 cm2V-1s-1 and On/Off ratio as high as 2×108 were 
fabricated by low frequency dielectrophoresis. Furthermore, by replacing SiO2 based back-gate 
modulation with Al top-gate, a sub-threshold swing of down to 95 mV/decade for nanotube 
based transistors was achieved. These performances are promising for commercial SWCNT-
based electronic applications in near future.  
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Chapter 8: Conclusion and Outlook 
This thesis focused on improvement of the dielectrophoretic deposition of semiconducting 
single-walled carbon nanotubes (s-SWCNTs), and thereby achieving high performance 
transistors. In particular, it aimed at a systematic comprehension of the dielectrophoresis (DEP) 
process and micro-fluidic electrohydrodynamics, and provided strategies to realize the  
high-quality dielectrophoretic deposition of s-SWCNTs. 
8.1. Conclusion 
The exploration of how to improve s-SWCNT DEP deposition was performed in three different 
ways by considering the effects of the optical resonant-excitation, dielectric solvent and electric 
field on polarizability of nanotube.  
Firstly, enhancment of CNT polarizability was verified during the light-assisted 
dielectrophoresis (L-DEP), displaying the feasibility of using a strong optical  
resonant-excitation to improve the s-SWCNT deposition during high-field DEP. The 
mechanism behind this process was attributed to the combined effects of the strong excitation, 
pumping up the generation of excitons, and high dielectrophoretic field which induced the 
exciton-relaxation. Therefore more free charges were generated within nanotubes which gave 
rise to an oscillating current with respect to the DEP field, contributing to the polarizability of 
nanotubes. 
Secondly, the influence of DEP based solvents on CNT polarizability was studied through the 
characterization of nanotube alignment using electric-field induced differential absorption 
spectroscopy (EFIDAS). Based on both theoretical calculations and experimental 
characterizations, this technique not only verified the pronounced polarizability of CNTs 
dispersed in toluene compared to water, but also offered an access to derive the  
chirality-resolved length distribution of nanotubes suspended in low-conductive solvents. 
Thirdly, electric field effects on CNT polarizability was discussed via finite element simulations 
in which standard DEP chips were modelled and analyzed with respect to the obtained 
experimental observations. Combined with solvent effect, toluene based direct current (DC-) 
DEP was demonstrated to be the most efficient way to perform s-SWCNT depositions as 
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Lastly, to achieve high performance CNT transistors, DC-DEPs were conducted on highly 
enriched s-SWCNTs (with purity of > 99.7%) which were prepared by combining  
PODOF-wrapping with size-exclusion chromatography based on toluene. A ~30 tubes/µm 
packing density of CNTs was achieved within the fabricated transistors, which resulted in an 
on-state conductance of ~10 µS/µm. Moreover, these transistors possessed a hole mobility up 
to 297 cm2V-1s-1 and On/Off ratio as high as 2×108. Furthermore, by replacing SiO2 based  
back-gate modulation with Al based top one, a sub-threshold swing of 95 mV/decade for CNT 
transistors was achieved. 
8.2. Outlook 
As stated in Chapter 4, by increasing charge flow thereby conductivity of s-SWCNTs, nanotube 
polarizability was enhanced within L-DEP experiments where the deposition of  
s-SWCNTs was improved in the presence of a laser compared to the normal DEPs. This 
achievement left an open-mind question: whether one can achieve the preferential deposition 
of s-SWCNTs over m-SWCNTs utilizing their permittivity-features. In terms of this purpose, 
strategy of using real-part nanotube permittivity for DEPs, as discussed in Chapter 4, is 
inaccessible because it is much smaller for s-SWCNTs. One possible approach is to make use 
of the imaginary part of nanotube permittivity. It has been reported that s-SWCNTs can be 
preferentially trapped and separated from a bulk solution in an infrared laser trapping 
system[210,212]. This phenomenon can be explained by the theory of near-resonance optical 
trapping as stated in Ref. [280]. In brief, on approaching optical resonance of CNTs using lasers 
with red-detuned wavelength, a trapping gradient force which is nanotube  
imaginary part of permittivity dependent and is induced by the intensity profile of the incident 
beam maximizes, while the scattering force arising from the Rayleigh scattering still has a small 
fraction of its value at the resonant absorption of CNTs. This provides an enhanced trapping 
stiffness compared to that at far-off-resonance frequencies of objects. Based on these 
discoveries, it is expectable that CNTs can be deposited by only applying light fields if these 
fields can be locally focused on the surface of the targeting substrates using techniques such as 
attenuated total reflection, etc[281]. Moreover, as an extra benefit of operating light field instead 
of electric field, large-scale deposition of s-SWCNT may be accessible under such condition. 
The CNT geometry plays a crucial role in determining the polarizability of the nanotubes, 
thereby dominating the feasibility of DEP and performance of CNT-based electronics and 
optoelectronics. As commented in the thesis, the longer s-SWCNTs may be deposited in better 
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quality than the shorter m-SWCNTs as employed in toluene based DC-DEPs, which could pave 
the way to achieve nanotube-selective deposition for different demands concerning CNT-
conductivity. Thus this topic is worthy for further studies in future. 
The simulations of DEP systems in Chapter 6 were two-dimensional constructed, which 
decreased the precision of reflecting reality in experiments, especially for the top-view layout 
where the dielectric influence of solvents on DEPs occurring above metal electrodes is 
inaccessible. Therefore, a more practical simulation of CNT DEPs should be built using a three 
dimensional (3D) Comsol model, which will give researchers more information to analyze and 
design CNT-DEP circuits. Besides, using 3D simulations, one can further explore the whole 
process of nanotube DEPs, catching numerical details for building up automatic DEP systems 
in order to improve the reproducibility of CNT depositions in the future.   
Notably, the currently achieved packing density of s-SWCNTs based on toluene and  
low frequency DEPs is about 30 tube/µm, which is still lower than the commercial expectation 
of 125 tube/µm as mentioned in Chapter 6. This poor achievement can be attributed to the fact 
that the DEP depositing rate will be slow down or even terminated due to the loss of VDEP after 
numbers of nanotubes bridged over the electrodes. In order to solve this problem, increasing 
the applied electric field seems to be a good option to achieve a higher packing density. 
Furthermore, all the transistors involved in this thesis were tested under DC conditions, the AC 
performance of these devices are still unknown, which is expected to be attractive for novel 
radio frequency and microwave applications, and digital circuits because of the ultra-high 
charge transport mobility and velocity of CNTs. Thus based on the high-purity s-SWCNTs 
prepared using SEC with PODOF wrapping, the realization of high AC performance of 
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Appendix A  
Table A-1: Parameters, variables and corresponding values used in the calculations and numerical 
simulations introduced in this thesis. 
Variable Definition Value References 
CNTl  SWCNT length 1 µm  
CNTd  SWCNT diameter 1.3 nm  
T  Surrounding temperature 300 K  
0DEPV   DEP voltage potential (Vrms) 1~5 V  
0  Vacuum permittivity 8.854×10
-12 F/m  
m  
0.01-w%-SDS water permittivity 
100-ppm-H2O toluene permittivity 
Silicon permittivity 
Silicon dioxide permittivity 
81× 0  
2.38× 0  
11.7× 0  








10000× 0  






0.01-w%-SDS water conductivity 
100-ppm-H2O toluene conductivity 
Silicon conductivity 
















  Zeta potential 25 mV [288] 
De  
Debye length of 0.01-w%-SDS 
water 









Dynamics viscosity of water 
Dynamics viscosity of toluene 
0.894×10-3 Pa s 




Water thermal conductivity 
Toluene thermal conductivity 
Silicon thermal conductivity 
Silicon dioxide thermal 
conductivity 
0.60 W/(m K) 
0.14 W/(m K) 
163 W/(m K) 
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2 f   Angular frequency 
















CNT  (10, 9) SWCNT density 2363 kg/m
3 Calculated 
pc  
Water specific heat capacity 
Toluene specific heat capacity 
Silicon specific heat capacity 
Silicon dioxide specific heat 
capacity 
4181 J/(kg K) 
1720 J/(kg K) 
706.75 J/(kg K) 






Water diffusion coefficient 





Bk  Boltzmann constant 1.38×10
-23 J/K  
L  Electrode gap length 1 µm  
  Effective ion size 0.66 nm  
g





3.623×10-3 cm2/(V s) 
2.064×10-3 cm2/(V s) 
[295] 
[295] 
e  Elementary charge 1.60×10
-19 C  
c  
0.01-w%-SDS Water bulk ion 
concentration 
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Figure C1: UV-vis-NIR spectra of the eluted SEC fractions of PLV nanotubes, as used in Chapter 7, 
dispersed in 1-wt%-SDS water (red) and 1-wt% sodium-cholate water (black), reproduced 
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